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Oon the theory of a free air jet and its application.

G. N. Abramovich.
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2.

SUM-MARY

The present report confined to the problem of a free air jet is divided
into three parts. .

In the first part the author develops a theory of a free air Jet which
covers the cases of a plare flow and of an axially symmetrical one (a circu-
lar jet). The analvsis is based on the Prandtl-Tollmien law oi free turbulence.
The theory of a iree jet allows to determine the form of the flow and the
distribution laws for veiocity, temperature and those fos concentration of gas
admixtures both across afd along the flow. :

In the second part a method of an aerodynamical design of free
jets both plane and circular is developed. This method allows to determine
the laws of variation of the mean velocity, the discharge and the energy
along the free jet.

The third part is confined to the problem of technigal applications of the
free jet theory; the following problems are considered:

1) The design of an air screen, :

2) The resistance of the labyrinth packing of turbo machines (blowers,
compressors, pumps etc.), .

3) The external resistance of pipe coolers,

1) The deilection of jets, the temperature of which differs from that of
the surrounding medium.

The developed theory and the method of calculation applied are in good
agreement with the experiment. .

The main feature of the present investigation is the use of one expe-
rimental constant only namely that of the Prandtl-Tollmien free turbulence
theory.

Y |
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Page 3.

PREFACE.

As the first application/aprendix of Prandtl theory of "aixing
length™ - this basis of the ccntemporary theories of turbulence, as
is known, served free liquid jet in the flcoded‘space. The given
mainly by Prandtl himself and tte developed further by Tollmien free
toundaries theory led tc the sc/such bright coincidence with the
experimental materials, ttat further development of the idea of

"aixing length" with already this fact was provided.

It is necessary to say that in spite of the cobvious practical
importance of the theory cf jet in guestions of ventilation and heat
engineering and extreme thecretical simplicity of analysis, the
angineers did not catch ttis theory and they continued to remain
during the usual hydraulic ccrstiructions, supported only by new
erapirical data. As basic reascn this served, apparently certain
sketchiness of the thecry of the jet cf Prandtl-Tollmien, which does
ro* consider the rcle of the initial diameter of jet so/such

important in the short jets,

To G. N. Abramovich telcrgs the large and sericus services c¢f
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“he generalizaticn of the thecry of Prandtl-Tol'min to the case cf
the jet of final diameter at the ocutput and the settings and the

solutions of the problem aktcut the initial section of jet.

Aftar noting the experimental fact of the siwmilarity of the
velocity profile in the disturbed part of the initial section to the
velocity profile in basic part cf the jet, it extremely in detail and
methodically studied the bahavicr of jat taking into account to the
role of initial secticn, Usirg in basic the same mathematical method,
as Prandtl-Tollmien, Eng. Akramcvich leads all his
linings/calculations to such development, that they make it possible
for it *o0 give the complete aercdynamic crev of jet and to stop at
the surprisingly interesting ard new applications of theory of jet to

the series/row of enginsering guestions.

Are such the given by G. N. Abramovich calculations of
resistance of labyrinth seals, tank of tubes and finally the proposed

¢o them theory cf air curtain.

All these questions, until now, underwvent no serious
investigations. Contemporary vertilation enginser, who carries out
questions of "air curtains" greatly much relies on his art and

intuition., G. N. Abramovich's wcrk cffers the pcssibility to replace

with rational calculaticn tte ursteady bases of hydraulic

e A AVE S
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2stimations, If the wida circles of our 2ngineers find possible more
closaly to become acquainted with G. N. Abramovich's works, then they
doubtlessly strongly enrich tteir practical knovledge by the

combining theory.

The object/subject of the experiment of G. N. Abramovich is so
manifold and complex that it is certainly necessary to even during
numerous commercial tests check the corractness of the proposed to
them calculations, but already and those checkings which are given by
the author for the elongaticn/extent of his work, they make it

necessary +o think that authcr's path is correct.

The thecry of air curtain includes a comparatively primitive
assumption about the sieple superposition cf two flows of different

structure.

Page 4,

This, of course, mcst approximate ccenstruction, but is difficult to
recommend to the author anythirg ancther in this extremely
complicated questicn. If experisont shows sufficient agreement with
the calculation, produced on this basis/base, then this

approximation/approach to obttain the wide rights of citizenshifp. In

+he ideal flunid theory the assuapticn about the imposition of flcus
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is made constantly.

G. N. Abramovich'’s wcrk doubtlessly is among distinct works on
applied aerodynamics. It it is recessary ismediately to publish and
to attain wide acceptance in tc the circle of those, who werk in the
area of ventilation technclcgy. The criticism of these persons will
be extremely useful for checking author's basic assumptions, made in

his calculations.

Active member cf 1sAGI, Prof. Dr. Loytsyanskiy
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Paga S,

INTRODUCTION,

It is univarsally~adcpted enginearing aarodynamics to subdivide
into twc divisions. The‘first of them covers the so-called “"exterior
problem” -~ the problem of interaction of sclid body and air flew,

wvhich flows around about the this becdy.

The second descrites "internal problem” -~ the problem about air
motion in the space, bounded ty solid walls (wotion in the

conduit/manifold).

The division indicated is very convenient and demonstrative, but
unfor4unataly not completely ccsgrehensive. The fact is that the
contenporary technology, in particular in the latter/last S-10 years,
gave ris2 to mary aaerodynemic trotlems which either partly eor whclly
cannot be related either %c M™external™ or to the "internal" problems.

Are such the questions:

1) the propagation of warm and cold air jets in the production

locations;
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2) calculation and the design of "air showers" for metallurgical

plants:

3) calculation and the ccnstruction of the "air curtains®, which

prevent invasion of cold c¢r ccntamipated air masses in the industrial

buildings;
4) the calculation of crer wind-tunnel tes%t section;
S5} the calculation of the labyrinth seals of air blowers;
6) resistance of tubular heat exchangers and many others.

The general/common/*ctal feature of the enumerated questions is
the fact that they all are directly ccnnected with the problem atout
“ha propagation of free jet in the space, filled with the medium of
the same physical properties, as the substance ¢f jet. In this case
the first four questions it.is.nct completely connected with the
problems about relative air mcticn and solid tody. The £ifth question
can be to *he identical degree related both to the "internal problem”
and to the "problem about the free jet". The sixth question is

conracted in the equal measure with all three proklenss.

Th» given far ircomplete enumeration cf the questions of

=
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engineering aerodynamics, ccnpected with the problem of free jet,

testifies abcut the large urgency of this gproblem,

It is logical therefore that a whole series of aerodynamicists
was occupied by its study. Pirst serious werk in this region was
published in 1915, Its authcr - Cr.-Engineer T. Truepel -
investigated the experimentally velocity fields cf airstream, wvhich

escape/ensued from the nczzle irtc large-size airspacet,

POOTNOTE *. The detailed biblicgraphical directory of the enumerated

vorks is given at the end ¢f cur article. ENDFOCTNOTE.

The following large experimental investigation of free jet produced
in 1921 Vv, Zimm. The very interesting axperimental investigation of
air jet is published in 1927 ir the second collector/collection of

+he Goettingen aerodynamic irstitute.

In 1933, 1934 and 1935 were published, wvhich relate the sanme
question, the wecrks cf Ruden, Fcerteann, Ccuette, Turkus and

Pradvoditalev.

Page 6.

In 1936 appeared on the rights/laws of the manuscript the repcrt of
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Lyakhovskiy and Syrkin which measured in the jet not only the

high-speed/high-velocity, but also the taemperature fields.

All these investigations made it possible to come to
light/detect/expose axperimsentally some basic laws governing the
course of free jet, However, Eeing ruraly empirical?, these wvorks

possessed neither completeness ncr generality.

POOTNOTE 1. Exception/eliminaticn is only Couette's article, in which
some lavs governing the jet are determined theoretically.

ENDFPOOTNOTE.

Meanwhila in 1925/26 appearad the remarkable transactions of Prarpdtl
and Tollmien, who develcped tie thecry of free turbulence
{(Freiturbulenz), which gives tte possibility to come to

light/detect/expose all basic rrcperties of jet.

Based on it, we develcged in 1934 the new method of the

aerodynaaic design of open wird-tunnel test secticn2,

_ j FOOTNOTE 2, See G, N, ALbramcvichk. Aercdynapics of flow in open
vind-tunnel test section. Pt. I and II. Transactions of TsAGI, iss.

223, 236, 1935. ENDFOOTNOTE.

P P, W
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Also based on it is the set-fcrth belew free boundaries theory.

Besides the general thecry, this vork contains the aerodynasmic
design of circular and flat/plane free jets, and alsc the series/row
of the engineering applicaticrssarpendices of this theory
(calculation of trajectcry cf wara jet, the calculation of air

curtain, the calculaticn c¢f latyrinth seal, the calculaticn of

resistance of heat exchanger),
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Part I.
THEORY OF JET.
§1. Jet structure,

Jet is called free and flccded, if it is unconfined by solid
walls and is spread in the space, filled with the medium cf the sanme
physical properties, as the sukstance of jet.

The mechanism of forma*icns/education and propagation of
turbulent free jet?!, which escajesensues from any nozzle into the

unlimitad flooded space, has the following basic features.

FOOTNOTE 1, A question about the laminar jet as less urgent/actual,

ve leave aside. ENDFOOTNOTE.

1. Jet is turbulent; therefore its course is accompaniasd by
nixing current cf moticn ¢cf ecddy masses (mcles). The latter with

+heir lateral motion fall beycnd the limits of jet, they transfer

into the contacting with the jet layers of stagnant air their
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impulsa/momentum/pulse they carry alcong thesa layers. In the place of
the particles, rejected/thrcvwr cut from the jet, into it penatrate
the particles of surrounding air which vill slow the boundary layers
of flow. So is established the exchange of the
impulses/momenta/pulses betueer the jet and the stagnant air, as a
result of which the flow mass increases, the width of jet increases,

speed at the jet boundaries decreases,

2. Slightly braked particles of active flow together with
absorbed particles of surrounding air fora turbulent boundary layer
of jet whose thickness in directicn of course grows/rises. If in the
exhaust section of nozzle occurs tha even distribution of speeds?,
then in the beginning of jet tcundary layer thickness is equal tc

Zero.,

FOOTNOTE 2, That developad/prccessed in the present work theory cf
jet is constructed relative tc¢ this case. However, will be indicated
below the corrections, which shculd be introduced in the case of
nonuniform velocity field in the exhaust section c¢f nozzle.

ENDFOOTNOTE.

In +this casa the boundaries of toundary layer ars ¢he divergent

surfaces, which intersect at the edge of nczzle (Fig. 7).

Prom the outer side the kcundary layer of jet makes contact with

the stagnant air.
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Fig. 1. Propagation of free ijet.

Page 8.

Moreover by outer edge is understocod the surface, at all points of
which longitudinal (axial) cespcnent of the speed is equal to zerot

{(u=0} .,

FCOTNOTE !, Transverse coapchent of spaed (V) here cannot be equal to

{ zaro, since due to it cccurs increase of mass of jet. ENDFOOTNOTE.

Prom inside the boundary layer converts/transfers into the nucleus of
constant velocities, Thus, on thke internal boundary of boundary layer
speed is equal to the speed cf the undisturbed flow, or, which is the

same thing, discharge velccity (u=ug).

In proportion to remcval/distarce frcs the nozzle, together with
the thickening of the bcundary layer, occurs contraction cf the

nucleus of constant velocities. This process leads to the fact that
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finally the nucleus of the undisturbed flcw disapfears entirely.

Subseguently the secticn cf jet the bcundary layer fills already
all cross section, stretching ur to the axis of flow. Further ercsion
of flov is accompanied not cnly bty an increase in the width of jet,

bu%t also by the incidence/drop inm the speed on its axis.

Jet cross-sectional area, in which is completed the liquidation
ef tha nucleus of constant velccities, we will name/call transient.
The section, situated betvween iritial and ¢transient jet
cross-sectionals area, let us rname/call initial. The section, which
fcllovws af+ar the transient section, we will name basis. Pinally to
th> voint of intersecticn cf external jet boundaries let us
appropriate the designaticn of the pola of jet. The described

properties and the configuraticns of jat clearly demonstrates Fig. 2.
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Fig. 2. the diagram of free jet. |

Kay: (1). Pole cf jet. (2). Initial section. (3). Boundary. (4).

E ' Initial section. (5). Transiert section. (6). Basic section.
Page 9.

3. Pressure in jet is ccnstant/invariable and it is egual tc

prassure in surrounding srace. Therefora the complete momentum of the

mass flow per second of air ir :zll jet cross-sectionals area must

renain one and the sane.

pr2ssura2 constancy leads tc the fact that in the jet act only
“he forces of internal fricticn. The theory of the turbulent flow of

|

! Prandtl gives for friction stresses the following dependenca:
! o)

'.:_u-[’-l l . . H

oy

Here r - friction stress;
p - air density;

1 - the average value of the sixing length (free path) of the

rarticles of the air in this glace cf flow;

o j

aw the transverse gradient cf the longitudinal component of sgeed.




pocC = 81037601 PAGE #f

In application to free jet Prandtl recoamends the counting of )
mixing length by ccnstant for this section of flow and proportional ;
to ramoval/distance from the tecinning of the jet:

{==c-x (2
Here c - conétant which proves tc be the only experimental constant

cf the thsory of jet.

Comparison of equalities (1) and (2) gives the possibility to

conpose the formula of fricticn cf the free jet:

S A b

T =6t N 5
L ”—"} ‘ (')

4, Temperature and air dersity cf jet must be considered equal
to t2mperature and to density of surrounding air. In this case on the
jat will not act Archimedes lifting forces and its axis will remain

rectilineart.

FCOTNOTE !, Subsequently will te studied also the case of the jet of

variable/alternating density (curvilinear 3jet). ENDFCOTNOTE.

After becoming acquainted with the basic physical properties of

jat, 13t us pass to the prasertation of the theory of jet; in this

cage the basjc and initial secticns of jet lat us axamina separately.
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§2. prerequisites/premisas cof the study of the basic section of jet.

Pig. 3 gives the distribution curves of the speeds in different

sactions of the basic secticn c¢f the circular air jet of Truepel 2,

POOTNOTE ) T. Trapel. Uber die Einwirkung eines Luftstrahles auf i i
fir das pesamts Tarben e .')——6:2 Cine hles auf die umgebende Luft. Zeitschrift

ENDFOOTNOTE.

The initial velccity of jet was egqual to uy,=87 m/s. A radius of
initial jet cross-sectional area vas Ro=0.045 m. Velocity fields were
removed /taken ccnsecutively/serially to the following distances from
th? nozzle:
S, =06 xu; S.=08 . S, =1,0 u; S.= 12 0 S.=1,6 m.

gExperiments of Truepel just as the investigation of cther
authors, testify about the ccrtinucus deformaticn of the
high-speed/high-velocity prcfilesairfoil of jet. The further from the
beginning of jet selected the section, that "lover” and "is wiger™

high-speed/high-velocity prcfilesairfoil.

To this conclusion/outgut wa ccme during the construction of
velocity £ficlds in the absclute ccordinates (u, y). Others and with

that much more interesting results are obtained during the deposition

of the sane fields in the relative coordinates.
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Page 10. o

Let us try, for exasmgle, tc plot instead of the absolute
velocities - u of their relaticn to the speeds cn the axis of jet -

_#_ and instead of the absclote distances from the axis cf jet - y
u,

of their relation tc the distances from the axis to such points in

vhich the speed is equal to half cf axial -~ —*_ (Pig. 4).

Uy

)

The obtained diagram indicates the complete similarity the

high-spead/high-velocity cnes of fields in all sections of the basic

section of jet.
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{ Fig. 3. Velocity fields ip differen%t sacticns of circular jet

according *o experiments ¢f Truegel.
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Fig, 4, Relative fields of circular jet.

Page 11.

This similarity consists in the fact that at congruent points c¢f any
tvwo sections of the basic secticn cf jet relative values of speeds
and velocity gradients are identical. It is logical that instead of
+*he characteristic length it is possible 4¢ take not cnly Yug» but
also, for examgle, the widtt ¢f Jet - b, In this case for c;ngruent

points of j2t (when -?u::{a) ve oltain the followving characteristic
1 k1

dependences:
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At congruent points ¢f kinematically similar turbulent flows
must be equal the criteria c¢f dyramic similarity - Euler's criterion.
Therafore

“'sz = ()

After replacing r, and r, according to equation (1), we find:

ou ou |
I —d:\"] _ 2 U_V l‘: (48)
. u, - u,
From expressions (3a) we have:
)
ugy=u, . Home : l
um!
i' (4
/

[ o ] ._[_01 e b
dy .7 | oy Jl' u,, b
Finally, comparing exgressicns (4a) and (4b), we ccme to the
extremely important conclusics atocut equality relative values of
mixing length in all secticns cf the jet:
—;;Tz —[l; =idem. 13) )

It is interesting to ncte that the comparison of equalities (2)
and (5) indicates the mutual pre¢rcrtionality of the width of jet and
distance frcm the origin of the coordinates:

b=k x . (6)

% i R W "'w‘.\

P
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With x=0 the width of jat is also aqual to zero (t=0). Therefors,
placing the origin of ccordipate¢s iptoc the pole of jet, ve note that
the flov in the basic secticn tehaves as if jat is created with the
peculiar turbulent source, arranged/located in the beginning of
cocrdinates (in the pole cf jet). Using this schematic of course, ve
vill be able to study flow in tle antire region of the basic section
of jet., However, the initial part of the scurca which is
arranged/located between the pcle and the transient section, must be

rejected/thrown and the replacesent by the initial section of jet.
Page 12.

The turbulent source indiceted, and consequently alsc the basic
section of jet, possesses cne very intrinsic property which consists
in the fact that along any rectilinear ray/beam, directed from the
pole and lying within the limits of jet, the relative speaed of flcw
retains the constant value:

() @
In other words, congruent rcirts of the basic section of jet lie,/rest

on cne ray/beam (Fig. 5).

This property not difficult to reveal/deatact, if to compare the

gecmetric determination of ccrgruent points (y/bt=const) with equation

6 (b/x=const).
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Fig. 5. Rays/beams of the censtant velocities of the basic secticn of

frae jot,

KRey: (1), pole. (2). jet. (3). Initial section. (4). Transient

section. (5). Basic sectionm.
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Fig. 6. Velocity fields in different secticns of plane of jet

according to experiments cf Pcertmann.
Page 13.

Being based on it and taking intc account that the speed on the axis
can depend only on abscissa [, ,=H(v] Ve cttain in general fora the
law of the speeds of the tasic sacticn of the jet:
n::H(x)-f ) o
The obtained conclusicn/cutput, which rest like the velocity

fields in all sections, basic section, are valid not only for the

circular jet. In the equal measure they relate alsc to the slot jet.
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In order to be convinced cf this, it suffices to examine the results

of experisents cf Foertmann!?.,

FOOTﬂo*ﬁg;. E. Fortmanu .Uber turbulente Strahlausbreitung®. Ingenieur-Archiv Bd. V. H..t !
4 r.

ENDFOOTNOTE.

Last was studied the velocity fields of the slot jet, which
escape/ensued from the openinc/aperture in narrov fitting with a
vidth of 0.03 » and by length 0.65 m. This jet velocity was aqual to
35 n/s. In Fig. 6 are plotted the velocity fields, taken/reamoved in
jet cross-sectionals area which are distant fros the nozzle up tc the
distances:
S, =0 4 $,=020 15 S, =035 15 S,=020 s 5,=0,625 1 § =0,7% ..

Being they are transfaerred into the relative coordinates (tthe

same as for experiments of Treerel) thaese fields, just as in the case

of slot jet, they prove tc be sisilar (Pig. 7).

Thus, in the main secticn ¢f slct jet (as in the circular jet)
flow also as is created with the turbulent source, placed in the pole
of jet. The corresponding turtulant sonrces (circular source - pcint
and flat/plana source - lina) are studied by W. Tollmien in his

reaarkable research on free turtulence2,

AR WS 3 N
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FCOTNOTE ,z-' l:v'i Tollmien. Berechnung turbulenter Ausbreitungsvorginge. /£ A M M lu.: !
od. 6 Heit 6. i

ENDFOOTNOTE.
To the selection/analysis of the thecry of Tollmien on basis of which

is constructed aerodynamics cf the basic section cf jet, we will pass

subsequently the paragraph ¢f cur wcrk.

In order to make thecry ¢f Tollaien as widely available as

possible, we will set fcrth it ir scmewhat more detail than this made

author himself,
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Pig. 7. The velocity fields cf slot jet in the relative coordinates.

Page 14.
§3. Turbulent source of slot Jet.

Let us examine the free flcw which is formed during the
discharga of the air through the narrov rectilinear slot in the wall
(Pig. 8). Axis x consistert withk the axis cf jet, y axis it is
directed perpendicularly tc slct, the origin of coordinates lat us

place directly into the slot.

pressure in tha jet is ccnstant/invariable; therefore the

complate momentum of mass £lcw po2r second aust resain the constant:

-?-I
I u*-dy=const.
e
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Por studying the jet we uill use coordinates - x; ﬂ=={n

-

The longitudinal velecity in this coordinate system is equal

[ see equality (8) ]:

u=%(x) f (3, . (9)

vhence . +>
B (x)-x- | fi(m)-dy=const.

-

In turn:
-+
" J ) -dn=const.
Therafore speed on the axis of jet (QJ is inversely propecrticnal to
S square root of the abscissa:
_ _const  n .
{ Upy =" ()= Vx ‘—“Vx;* (19)

- e

However, the lcngitudinal speed at the arbitrary point of jet

comprises:

“=‘l—;%'f("7’~ (11)

Let us introduce the functicn ¢f current 1.
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Fig. 8. Turtulent source cf slct jet.

Page 15,

As is known, its partial derivatives are equal to the
longitudinal and transverse ccmpcnents of the speed:
- %

1= dy
ay

v=— -

ox '’
The function of current will Le¢ determined frcm expression (11):
Y= lu-dy=n-} x-\f(s)-dn
After accepting the following designation:
Vf(ny-dr, = F(n).
ve will obtain nev expressicns fcr functioning the current and

conponent of speed.

BUURS TR} -~ iﬁ e Ay ‘ \L haryd “M\?‘wﬁ a Y P -

P s g
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The function of current is equal to:
Y=n-} x-F(n). (12)

Longitudinal component of the speed:

0= n__-F'(v,). (13)
] x

Transverse coamponent of the sfpeed:
1
v=— T = n-F'(n)~~2~F(n) . (14

The basic problem c¢f tte irvestigation of flat/plane turbulent
source must consist of finding cf function F(r). The solution of this
problea proves to be possible with the aid of the theorem of
momentum. Let us isolate fcr this purpose in Pig. 8 control surface
and let us examine momentum balance within it. Through the lower part

of this surface is transferred second-by~-second certain mcmentum:

'p.u.v.dxl)_

FOOTNOTE !. The length of surface along the perpendicular to the

plane of drawing we consider equal to unity. ENDFCOTNOTE.

Along other side of contrcl surface is observed a change in the

somentum: -
—d ) s-utay.

¥

As force serves shearing turtulent strass (see aequation (3)

- - g jad ("’ 2
TE= STt .
(AN

After some alamentary ccnversicns we obtain momentum eguaticn in the
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following form:

- 0‘;"'.....01::

“'J‘r?}»}i/u"dy—c--x'-[uy =J0. : (13)
We utilize now dependences 113) and (14) for the modification of
equation (15), attempting tc¢ turn it into the differential equation

of function pF(q)

We will obtain:
W= M P P

@2

N n RNT
o Pty == P

s .2 |[AW) _ n SN
c--x--l dy] = ETmE

Page t6.

After the substitution ¢f the cktained aqualities in equatioan (15),
ve come to the differential the seccnd order equation:
2. |F" ()] = F7)- F' (). 'Y

Into equation (fﬁ) entars the exrerimental constant c. This bears cut
the fact that in the selected system cf coordinates (x. ) the unknown
functions depend on jet structure. It is nct difficult to show that
by the simple modification c¢f crdinate it is possible to eliminate
the 2affect of jet structure cr function Fiy) Por this instead of

let us introduce the nev relative crdinate:

" . t1h)

vhera




In the nev systeam of coordinates (x:; ) the components of the speed

will accept the following fcrwm:

E . .
: um=- Ty F(e): (18)
| a-x
a-n 1 ..
V=== |- F(z)—  -F(2)f, 19)
| a-x [' 2 (f] (

because of which the fundamental differential eguation will be 1
vritten as followus:

[F" ()P =F (=) F'(3). . (20)

Before beginning the scluticn of eaquation (20), let us lower its

order. Let us introduce fcr this dependant variable

. T='nF(2),
to vhat it corresponds

i The substitution of this variatlesalternating in the ipnitial equation
gives ths following result:
[27 () =2
After one additional replacement -z'=2, we cbtain differential
first-order equation:

Z=—7"—\ Z. 1 7

Before value | 7 ve supplied minus sign, since from the physical

considarations it follows that sum Z2'+22¢K0. Actually:




e - :
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=2
c=inlF(z);
E o F'_q';_) .
T e Fiz)
o . F (o Fa)y — F
1 T F ()Y
Page 17.
i Hence
. . o " o FT
L2t =7" —uzy e N
' F(z)

but
and
F7(2)~ % R F(z)~ 1 u-dy.

In other vwords, FP" (#) corresticnds to the transverse gradient of

! spaed, whereas F (¢) correspcnds to expenditure/consumption.
Expenditure /consumption is rositive value. The at the same time
transverse gradient of the speed (Fig. 3 and 6) at all points c¢f jet
cross-sectional area is lcwer tlan zero and only on the axis and at

the outer edge it is equal tc zerc.

Thus:
)
Flo) =7 HZ=0.

The solution of equaticn {z1) dces not represent special

labor/work, since variablesalternating in it are divided:

dz
iy z

T=C—|

(21a)




VR

"H‘.”.,

*
3 s
)

rx

DoC = 81037601 PAGE

Using tha gesneral method cf integrating the rational integral

functions, we find this integral:

2 f o A :
s=c— 3..11,1(_‘ Z +1) -inf}, (2= Z41)]+1 3-arctg 2

Z—11
P (22)

L2t us examine the ncw tcundary conditions by which it mast
satisfy obtained integral {ZZ). The first boundary condition lies in
the fact that on the axis of Zet - with #=0 - the transverse
coasponent of speed (v) is equal tc zero, and relative value of

longitudinal velocity (%) ie equal to one.

Because of this with ¢=C:

Whence

Z=2= . . 122a)
The second boundary conditicn ccnsists in the fact that on the
external jet boundary ~ wher :=: -~ the transversing speed does not

disappear, while the longitudinal valocity is aqual to zero.

Therefore when .= :

Fiav=¢" =0,
Fiagp=2¢=0.

Hance Z—=2 —0. ' (22b)

COPNEEY TRTY ¥ S
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Proam condition (22a) we ccmprte the constant of the inteqration:

2[3 = _ =
3 2—'[3_

Condition (22b) gives tha possitility o determine the relative

c=0+4 =1,81.

ordinate of jet boundary:

= 2 5 -1 ) 4.7
LM i -arct —_—— = = =2,-“2.
Zin 13 3 ] 3-ar g( 13 3.1 3

Page 18.

Bquation (22) is utilized for finding the values of the seccnd
auxiliary function - 2=z', The values of the first auxiliary and
¢ basic functions (z and F(s)=¢') are determined with the aid of the
gquadratures and taking the lcgarithm from the fcllowing twe
equalities:
L=z .O;Z-dg:; l

o (23)
z=In[F(z)]. l

Here z - unknown value of function.

# -~ corresponding value cf arqusent (relative ordinate).

Zo - knovwn value of functicr at any point s«ith the ordinate ¢,.
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Abcve it was shown that pear the axis of jet Z approaches

positive infinity, and z - tc regative infinity (when :=0:¢=0:

L=z —

Z = - .,

This fact indicates the ipadeguacy of aquation (22) and egualities
(23) near the axis of jet., Let us try tharefore to find new solution,
suitable in stand regicns. Frcceed vwe will be as before fren
differantial equation (21): *

ﬁi:-z—lz
With #->0, when Z->e, equaticn {Z1) can be strongly simplified. For

this should be disregardad/neqlectad low valoe | 7.

Thus, we cbtain:

(_IZ ——Z 24
Whence d= . |

Z-—:--,'* ‘ (2:’)
and

e L o

Integration constant can re determined from those
considerations, that on tkte axis ¢f jet the relative speed is equal

to unity:

C=FO)=Te=1,

othervise In=

- e A -
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thanks to which

FOOTNOTE 1. Of this it is not difficult to be convinced by means of

the logarithmic operation. ENCFCCTNOTE.

Thus, the first auxiliary functicn, which we intrcduced for a
decrease in the order c¢f differential aquation (2C), approaches lne:
S—inz.

Page 19.

Generally z it is possible t¢ present in the form of the series/row,
first member of which is 1ln¢s

z=lInz+..., (26)
hence 5:=%“+_“ @7
The most immediate task of the research is finding subsequent members
of series/row (27), and then series/row (26). IS solved this protlen

by the method of successive agprceximations,

We assumes/set in the first approximation.

'
L=z=" — 4.z

v

[T
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and we produce the substituticn of this exgression in differential

equation (21):

-

-"..lf AT ————“,’.l'i' —‘2'-41-'.:"_1—-‘4¥-?2“"]/ ,—l,-i-A s

Disregacding components/termsjaidends with highest degrees (4}..™

and 4 .;%), we obtain:

A+ =

n!—-

Equalizing between themselves first exponents, and then coefficients
in twec parts of this equality, ve find the second term of series/row

(27):

A5 =—04:] 3.
Por finding the third term of series/rcw, we resort tc the
substitution into equation (21) c¢f functiocn Z, undertaken in the

second approximation/apgrcachs

From this in a described abéve manner we obtain:

A,-5=0,01-2%
Continuing calculations in the same crder, it is not difficult to
fird any quantity of terms of series/row. For our calculations it is

possible to be restricted bty tirce members.,

Thus, we have:

1
Y= =04 =001 20— . (27a)
“hence
. 08 0,01
fEr——er = g (28a)

EE e A ——
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Asynmptotic approximaticnssagrrcaches (27a) and (28a) give the

possibility to calculate the values of the functions:

@)

F() g Fi=e it Flig=2¢

Key: (1) . and.

at points with the low values c¢f argument 4.
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Page 20.

At other points of the cross section of slot jet should be
utilized equation (22) and equalities (23), After producing the

calculations indicated and vtilizing formulas (18) and (19):

" =Fp) . . (29)

U,

b =ePE@— ), . (30)

13 2

ve conposo-Eibles 1 and Pig. ¢f 9-10 longitudinal and transversing

speeds in the cross section of the fkasic section of slot jet.

Table 1 and Pig. 9 and 10 speeds u and v depict in the portions
of the velocity on the axis of iat (1, In turn, the axial velocity
of slot jast is the functicn of folar distance of the jet [see

equality (18) )=

wo= - - @)
| ax 7/
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‘F;ble 1.

|
u 1 14
s  —=F(z —_—
P =P ;
]
; . i
0 1,000 0 ,
0t 0979 | 0049 o
02! 0940 0,091
03| 0897 0,120
04| 0842 0,151 i
05! 0782 | 0166 |
06 0,721 0,168 i
07| 0,600 0,166 |
08! 0604 0151 !
09| 058 | 0120 !
10| 0474 0.091
11 0411 | 0049
12) 0337 0 {
1.3] 0300 —0,05
1,4 0,249 —0099 |
15| - 0,200 | —0,160
|
16| 0165 | —o0212 |
{ 1,7] 0125 —0,260 ;|
‘ 1,8{ 0,095 —0318 !
1.9] 0067 — 0356 !
20| 0046 —0402 |
[ 2.1 0,030 — 0,440
: 22| 0,020 — 0460
\ 23| 0,009 — 0,490
‘ 2,4 0 — 0,498

Page 21.

- *
- "
i et

Let us give to mxpresssion (31) somewhat differant form. For this

again ve vill use the constancy c¢f acmentua in the free slot jet:
- yrpq ] 2
» ot ut-dy=p-ui-b,=const,

"

I
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Here y, - ordinate of jet boundary: p - air density; by -
half-width of initial jet crcss-sectional area; u, - discharge

'Qloc’.ty.

After the replacesment of the variablesalternating (instead of y

ve introduce ¢=y/ax) we cbtain:

) Frp = 24
AL L] M ode=
by w J un

or otherwise

u

[ p—

o
ity ax o)
1/ ,,-‘/J (P @F-ds

Using-t;bles 1, ve compute using the method of trapezoids the

integral:

24 ’
1 [F(?)]"d?=0,685.

Replacing integral by its numerical value, we reduce to final form

the formula of the axial velocityt! of the slot jet:

By 12 32
U, a-x (32)

b

"

POOTNOTE t., The axial velocity is measured here in the portions of

the discharge velocity. ENDEFOCTNOTE.

In the beginning of the tasic section of slot jet - in the




————
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transiant section - the axial velocity is equal to discharge
velocity:
U, ==U,.
Henca we find the rslative abscissa (relative polar distance) of the
transisnt section of the slot jet: .
1-L :
i-b:.‘*'. =1,4. (33)
All obtainad functions of the turbulent source of slot jet are
suitable only in the region cf the basic section of the jet when
x> L, (34
Participating in all dependences coefficient a is deterained from
experiments. To a question about the selection of its values in

differant cases will be dedicated tha special paragraph of this work.
Page 22,
§4. Turbulent source of circular ijet,

In the present paragraph we will become acyguainted with the
theory of the foramationseducation of free jet during the discharge of
air from the circular openingsaperture of very small sizes/dimensions

(Fig. 11).

Section jet~-circle; therefora the law of conservation of

nomentus will be written as followvs:

e

x
2.2y u*-y-dy == const.

-x




B

DOC = 81037602 PAGE 9€77

We select for ths investigation the coordinata system with the axes:

s =
X3 "J*x
In this coordinate system the condition of the constancy of momentunm

assumes somevhat different fors:

+Z )
2:-1L';;-x'-'~f—u_, A=
Unm ‘.
-x
== const,
vhence
. T
Um-X*- | f2(n)-4-dn= const.
-x
Hovever, [/*(1)- 141 {is a constant value, due to what the law of a

change in the axial velocity acquires the hypertolic form:
=" ' (33)
Dependence (35) gives the possitility to ottain the formula of the
longitudinal component cf the sgpeed:
u= ity f (1) = £ (5). . (36)
The longitudinal and transvarse components of the speed in the flow,
synmetrical relative to rotational axis (x axis), can be as follcvs

axpressed by means of the function of the current:

Aence

sl o '_vﬂ R
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Fig. 11. Turbulent source of circular jet.

Page 23.

Let us introduce the designation:

1@y dn=F )

and lst us recompose the formulas of the function of current,

longitudinal velocity and transversing speed:

y=m-x-F(q); (37)
= £ 3g) -
=T (38)

1 o n , F(,
v:-T-E=;-Fm--$y (39)

The basjic problem of the investigation of the turbulent source

of circular jet consists of finding of function F(#) and its

derivative P' ().

e
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The solution of this problen can be obtained with the aid of the

+heoren of mcmentunmi,
FOQTNGTE &t, Just as in the case of slot jet., ENDFOQOTNOTE.

Lat us isolate for this purgcse in Fiq.‘11 symmetrical relative to x
axis control surface and let us compose for it momentum balance.
Through the lowar part of cantrel surface, vhich has area - 2ereyedx
is transfarred second-by-second the momentum:

2oz y-dx.
Within the control sur face occurs a change in the momentum per
sacond: =

—2=o-d v ut-y-dy.

As a result of changing the mceentum appears the tangential force:

e | ouY .
. 2-mey-dx=p-c X -l—(};"]-Q =-yrdx.

Otilizing the enumerated three factors, we compile an egquation

nomenta:

1

o )
e .d\'_l-."-'4.\-'.'.|
Lo 1 9

" o ]--: 0. (40)

o-v——

Bqualities (38) and (39) give the possibility to convert

aquation (40) into the Adi fferentjal equation of function P (4).

Actually:
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m: T [Fin)? _ F() - F{x)
e : ’ - ,; Tc:._—

Lo L m [P
R R i R

c"-x’-[-o—"v ]'—=m'--.‘c- . _F' (r) — Frinrs, 71;
ay A2 n T

)

n-v=

.

wvhich after substitution in equation (40) gives:
("~‘-[F'(r|) - £ E') ]—:: Foo {). 141)

from the obtained differential equation it is possible to exclude the

experimental constant c2.
Page 24,

For this it suffices to change the coordinate system, after switching

over from the cocrdinates

xon= A
X
+0 the coordinates .
V
X, 3=-7~
a-x
vhera
a=— 'V'ZC’

In the new coordinate systaam “he components of the speed will

accept the following form:

Fl_m Flg

n=1un,-
moos a-x =z

42)

v:i‘-[F’(;)—F?)J. (43)
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Utilizing new formulas of speeds, we have the capability to give to
fundamental differential equaticn “he nev form:

- , F'(z)?. A .
F-"0 =F(2)-F(3). (44)

-
v

Attempting to lower the order of differential equation (44), let us
introduce new dependant variaktle z=1n [F(4) }, to what corresponds
F{#}=e2., After the substituticn of newv variables/alternating wve

obtain:

o (a2
hd t(")

i
H
t
[N -

1

“
I
t

W

If we assume 2z'=Z, then is formed diffaerantial first-order equa%ion:

Z= f —-2'—VZ. : (45)

with conponont/tern/;ddend ] Z just as in the case of slot jett, is
accepted negative sign, which corrasponds to the sign of the
transverse gradient of speed (3:*7°>'

FOOTNOTE !. See equation (21). ENDFOOTNOTE.

Let us examine the necessary for the integration boundary

conditions.




poC = 81037602 PAGE %

1. On axis of jet wvwhere ¢=0, must disappear transverse component

of speed:

v=0.

Bquality (43) it leads in this case to the conditions:
F{0)=e =0,
r=h(FfEl=—~ |

Furthermore, on the axis of jet relative value of longitudinal

(43a)

valocity is esqual to one:

Vhence (for ¢=0)

F_ 2.¢
? %

=1. (43b)

. Page 25.

2. On jet boundary, when .:==3 longitudinal velocity

p?

disappears:
u=~0,
—< to vhat it corresponds:
, 3‘ F'(?w)::o, } . 45
%X Z=7=0. (45¢)
Bourdary condition (45b) gives on “he axis of tha jet:
dz ¢
_d'??” s =1 (46a)

Utilizing equation (46a) as the first approximaticn for seolving

stated problem, ve obtain:

[ D UV S By
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but with e=0:

therefore
=G e=Fiz=mY;r=? (46b)
Similarly how it was dcne for the slot jet, let us present the
solution of differantial equation (45) in the ferm of series/row. The
first aeaber of this series/rov we will obtain from approximate

solution (46b):
Z:zlz‘f"—{—...

Subsequent members of series/tcw let us find by the method of
successive approximations. Fcr this let us first assign the
tvo-termed series/row:

;::'::—3‘4—Ih';“ (47)

and let us substitute it in equation (45):

TR B D, SO T L S
—l/‘%“:‘-"l‘?" .
Disragarding the members of the second order of smallness (Ai-:*" and

4,-2") and producing elementary ccnversions, we obtain:

1

A+ T ==
Bqualizing exponents in the right and left sides of the

equality, ve find the expcnent c¢cf the second term of series/rov (47):

1
tl=~2-'
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Comparingy coefficients of both of parts of this equality, we compute

the cosfficient of the second tera of series/row (47):

2:) 2
2

A=

Page 26.

Thus, the solution of equaticn (4#5) in the second
approximation/approarh appears as follows:
' 2 2l2 ‘
SmlL= T (48)
Por the third approximation/approach let us assign the trincaial
series/row:

== - -——-—-'; V- -';’.'
Z=:= = 7. " T "‘": Y (49)
let us also substitute it in initial differential equation (45).
After the series/rovw of the algetraic actions vhich are coaplet2ly
analogous to those performed atova, we compute +*he third term of the

serias/rovw:

Continuing calculaticns in the direction indicated, ve can
calculata as many as convenient tarms of series/row. If, for exaample,
ve are rastricted by six members, then we will obtain the uaknowvwan

function in the following fcra:

.

Z=1= = =043 —0004- 4000082 %+ -+ 0,00015- 2 - *
—0,000014-5 " . | (30)
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Integrating equation (50), wvwe find the function:

z=1n 2 —0.27 -3 —0,0013- 2% +0,00018 - -+ 0,000025 - * —

4-0,000002. 2" : -+ . .. (31)
Prom the equalities:
Fley=¢, | )
: 2
F(z)=2"-¢. " (52)

ve compute function P(#) and its derivative - F'(#). FPinally wvith the
aid of formulas (#2) and (43) we deteramaine the ralative coamponents of
the speed at different points of the cross section of circular source
or, which is the same thing, cf the basic section of the circular
jet:

u __ F'(3

Uy %

l L.__ ',,,’_ ___F(‘;).

a u, B

Seri2s/rows (50) and (51) are ccmpl2ately suitable in the midile parts
of the cross section of jet. Howaver, in the region of the boundary
of the jet - near 7?=3, <~ these series/rows possess bad
convergence. Therefore for the boundary layers of jet it is necessary
to obtain another solution of differential equation (45). The new
solution can be obtainred frcm bcundary condition (45c), according to
vhich on the jet boundary c;;;;g disappears function 2Z:

Z=2(:;)=0.,

In fact, if

c¥=2--0,
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then in equation (uSi:

and

Z=0,
therefore '

=

-3

p
Thus, in the first approximatico,:

!
Z?T'(?m - ~ (53)

Converting/transferring to the sacond approxiasation/approach, let us
present solution in the form cf tha binomial:
l . .

Z=op (2, =3 Bz, —9)
After tha substitution of “his binomial in equation (45), will be
determined by already known methcd its second ters:

. ) 1

Bz, = -"8,?m'(a; -2

Continuing calculations in the same direction, it is possible to find

any nuamber of terass of serles/rcvw. If vwe are restricted by fiva

members of series/row, then we w¥ill obtain:




,’o

Vo, y

7
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U 1 . 3

z’:—-Z.._——- = —52--_-g e W e (s — ) -
Tl g — B = . |
. II 1 3 . \ - Y )'
| 64 1-287._139) (o= %)

19 138\ 5
~ 19802, T Tga0.25,) e T " (24)

\

Equation (54) gives a good ccrnvergyence near the jet boundary, i.e., i

exactly in that region, for which is unsuitable equation (50).

Therefore during the calculation of functions z, P(¢) and P (&) E
in the middle layers jets use equation (50), while in the boundary
layers i{s utilized squation (S4). In order to detaermine the value cf
the relative ordinate of jet bcundary (3,), let us compare in any
known to point jet (for exasple, at point ¢=2) of equation (50) and
(S4):

Z..=2;,. (33)

SN e, e gt

By producing then calculaticns with the sethod of successive

approxisations, let us find: ;
Zp =3+ (36)

It must be noted that condition (56) gives the possibility to replace

vwith numbers all coefficients cf series/row (54):

Z=0253,4--z)" 0037-(3,4—3)*-—0,004.13,4 — z)* —
4-0,015-(3,4 — 3)* —0,0173.13,4 — 3)~. (37)

Now, vhen all basic functions of the turbulent source cf circular jet
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are deternined, ve will use by them and let us conpose-tables 2 and
Piqg. 12-13 longitudinal and transversing speeds of the cross

section of the basic section ¢f circular jet.

Page 28.

In'I;ble 2 and FPig., 12-13 speeds u and v are measured in the

portions of axial velocity (u,). The latter can be found from the

exprassioa:
w, = - (38)

POOTNOTE !, See equality (42). ENDFCOTNOTE,

Ve will use the constancy of the momentum of circular jat in order to

give to equality (58) more convanient €orm.

Ve have:
1‘”‘

Qozenputoy-dv = =1 Ry = const.
AV}

Here y_ - absoluts ordinate cf jet boundary; p - air demsity; R, -

radius of initial jet cross-sectional area: u, - discharge velocity.

e S———
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TR0

Pig. 12. Distribution of the longitudinal velocities in the section

of circular jet.

Pig. 13. Distribution of transversing speeds in section of circular

jet.
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‘r;ble 2.
i it
. 4 F& ot v
\ v l“m k7 i a Um
3
¢ 0 1 0.
X 0.984 0,050
0.2 0.958 0.100
;0.3 0,922 0,144
i 04 0,885 0,178
105, 0843 0,200
Log)] 0795 0,220
0.7 0748 | 0.230
08/ 0,700 !} 0,240
.09' 0653 0,233
(1,0, 0606 0,225
‘1,1, 0555 0210
‘1,21 0510 0,190
‘131 0470 0,170
: 141 0425 0,140
11,5 0.378 0.110
"1,6 0.340 0,080
17, 0300 0,040
1.81 0265 0
'19 0.230 —0,033
L 2.0 0,198 — 0,066
| 2.1 0,169 — 0,100
. tan 0,140 —0,140
f230 0117 —0,180
{ | 24 0,094 — 0,219
d L 2.8 0,075 —0,237
126 0059 | —0,270
LT 0046 . —0.29
fo8 0034 ' —0310
| 29 0,024 —-0,323
. 30 0017 — 0,334
; a1, 00N — 0,340
! 1 3.2 0.007 —0.345
! i3 0,003 — 0,340
| 34 0 - 0,335
i
Page 29.

Aftar the replacement of variablesalternating, we obtain:

7rp = 3.4 -
. N 2 ~
A X’ lm u?
Y /‘T”?ﬂ?=00
R;. wh, J g

or otherwise
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0,707

= - VAR o
ax o/ LIFGE,,
0 .

The integral, wvhich stands under the root is equal to:

3.4
1 f..\2
f FGY 4. —o05361),
J

vhich gives the possibility tc cttain the final formula of the axial

“,
1,

velocity of the basic secticn cf the circular jet:

un 096 . .
1, —_g} < (29)
R

POOTNOTE !, This integral we calculated according to the method of

trapezoids with the aid of ¥atle 2. ENDFOCTNOTE.

In transient jet cross—-sectional area, froa which begins basic

section, axial velccity is equal to discharge velocity:

u
B =1,

iy

Hence we find the rslative abscissa of the transition section of the

circular jet:
a-L,

o, =0.96. (60)

All obtained functions of the turbulent source of circular jet are

suitable only in the regior of the basic section where

<=L,
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§5. Initial saction of free jet.

The experiences of the Gcettingen vind-tunnel laboratory and
TSAGI showv that in the regicn of the first tvo bores of circular jet
the high-speed/high-velocity prcfiles/airfoil of its boundary layer
coapletely coincides with the bhigh-speed/high-velocity

profile/airfoil of the fren bourdary of infinite plane flow2.

POOTNOTE 2, G, N. Abramovich. Aerodynamics of flow in open
vind-tennel test section. Pt. I, page 23-24, Transactions of TsAGI

iss. 223. ENDFOOTNOTE.

0 At the same time, at the end cf the initial section -~ in tthe
transisnt section - the velocity profile must be the same as in the
| basic section of jet. In cther werds, for the elongation/extent cf

o initial section must be observed the continuous conversion of

velocity fields.
Page 30,

Let us give the series/row of ths experimental diagrams of Goettingern

institutet, which clearly illustrate this position:
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POOTNOTE t, Ergebnisse der Aerodynamische Versuchsanstalt zu

Goattingen. IXI Lieferung. 1923, ENDFOOTNOTE.

1) Pig. 14 depicts the field of velocity heads of free jet at a

|
!
|

distance of 1.5 m frcm the nozzle. Ciameter of nozzle Dy=0.137 nm.

Discharge velocity u'!y,=40 a/s;

2) PFPig. 15 - the same, at a distance of 1.0 nm:

3) Pig. 16 - the same, at a distance of 0.5 mg

( 4) Pig. 17 - the same, at a distance of 0.25 m;

5) Fig. 18 - the same, at a distance of 0.01 nm.

The given diagrams are vwritten by the pressure recorder of

”< Bartels®'s system. Next to the zigzag empirical curves are
“# plotted/applied the theoretical profiles, borrowed from the theory of
,fi the basic section of jet. Of ccurse in the initial section (Fig. 16

B and 17) these theoretical profil:s/airfoils are constructed only in

the region of boundary layer.
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As we see, within the liamits of basic section (Fig. 14 and 15)
the sxperimental and theoratical v2locity profiles virtually
coincide, while in the boundary layer of initial section (Fig. 16 and
17) the velocity field is defcrsed and differs froam theoretical all
the more than the selected section it is nearer to the nozzle. In
order to show that near the nczzle the high-speed/high-velocity
profile/airfoil of the jet of the same, as in infinite plane flow,
let us turn to the measurements cf velocity heads into the wingd
tunnal of Goettingen institute. Thess measursments are produced in

the houndary layer of the open test section of Prandtl's large duct

(diameter D4=2.25 a) at a distance cf 1,12 m frcem the nozzle,

i

LR O e
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Fig. 14. Pields of velocity heads of free jet at a distance of 1.5 n

fron the nozzle with a diameter cf 0,137 n.

-
. ‘_.,‘..FNN\ LI

— A 3P

\
)
;

Fig. 15. Plelds of velocity heads of free jet at a distance of 1.0 m

from nozzle with a diameter of 0.137 m.

e £ o
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Pig. 16. Pields of velocity heads of free jet at a distance of 0.01 nm

froa nozzle with a diameter of C.137 n.

Page 31,

Experim2ntal curve is constructed next to the theoretical curve cf

plane flov and completaly it ccincides with it (Fig. 19). Thus, it is

1~ .

PR L A T S S LTINS TR S e e b T N Y T V. i
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possible to consider it estatlished/installed that in the boundary
layer of the initial section cf free jet cccurs the gradual
transition froa the velocity field of infinite plane flow to the
velocity field of the Ltasic section of jet.

Analyzing the position indicated, it is possible to make the

following conclusions:

1. During the study of tte first tvo bores of jet should be
utilized lavs of the free bourdary of plane flow. So this and is made
during the development of the aerodynamic design of open wind-tunnel

test section. .

2, During study of initial sec;ion as parts of entire jet, it is
possible to disregard strain cf velocity fields and to consider that
in all sections of boundary layer of initial section velocity fields
are similar to those wvhich are established in basic section of jet.
This conclusion/output vill bé¢ccme especially convincing, if we focus
attention on the fact that the deviatioan from it is made by
noticeable only in that region of the jet where the boundary layer
thickness is ssall and its "specific gravity/veight”™ in the total

balance of masses and energies is insignificant.

Subsequently, relying on ccnclusion/output (2), wve will apply

il
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one and the same velocity profile both for the basic section of free

jet and for the boundary layer c¢f its initi&l section.
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Pig. 17, Pields of velocity heads of free jet at a distarcce of 0.25 a

from the nozzle with a diameter of 0,137 n.

Pig. 18. Fields of velocity heads of free jet at a distance of 0.5 a

from nozzle with a diameter of (.137 a.

"

[-o-——————-- 20O Gam - -

Pig. 19, Pields of velocity heads ip boundary layer of free jet at a

distance of 1.12 a from nozzle with a diameter of 2.25 m.

Page 32.
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Repeatedly it was mentioned, that is investigated this case of

the free jet vhen in the initial section occurs the unifora field of

velocities!t,
POOTNOTE !, Correction for the rcnuniformity of the initial field of

valocities will be introduced Ltelcw. ENDPOCTNOTE.

In this case, the initial boundary layer thickness of jet is egqual to
zero and it is possible to consider that it begins its existence at

nozzle discharge edge (Fic., 20).

Let us use to the boundary layer of the initial section of jet

the basic hypothesis of Prandtl's free turbulence [see equality (2) ]:

I'=¢.S3). (6])

POOTNOTE 2. 1' - mixing length in this section of boundary layer; c
- constant, different frcr ccrstant ¢ of basic section; S - distance

of this section from the edge ¢f nozzla. ENDFOOTNOTE.

Combining this hypcthesis sith the assumption about the
similarity of velocities, ve ccme (as in §2) to the conclusion about

“he straightness of the external and internal boundaries of the

~ e e AN
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boundary layer of the initial section of jet. Furthermore, any
ray/beas C, wvhich rises from frcs the adge of nozzle and lying within

+he 1limits of bcundary layer, must ge tha line of equal velocities.

These facts attest to the fact that during the study of initial
section to rationally arrange the crigin of coordinates at the edge
of nozzle. Axis Y direct inside th.e flow. As the coordinates let us
select S and #°=Y/a'eS, whare k

@ =920
In this coordinate systes internalland axternal boundaries of the
boundary layer of initial secticn ;re' respectively determined by

ralative ordinates ¢, and ¢',,

Utilizing Fig. 21, lat us find the basic shape factors of the

initial section of jet.

L

Prom the similarity of triangles ve hava:

fty _ hy _ 1 9
b, b, a ',:rp'(h")

Hence relative distance from the pole .of the jet to its initial

section ~ the depth of the rola:

a-h, 1

é" ?lp

(63)

e b2 e —————
e
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Pig. 20. Boundary layer in the initial section of free jet.

>
Key: (V). Then. (2). Quiaescent airf

Pig. 21, Geometric diagram cf free jet.

.Vi page 33,

E LI

The length of Iinitial secticn (Sg) 45 aqual to the difference batween
4

the polar distance of transient section and with a depth of the pole

of:
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Mixing length at the end of the initial section is equal to mixing

length in the beginning of the tasic section:

l") = ll'h

vhence
€ _ 4L
c=s8 (65)
but
a'=y?2(c)
and
a=y2 (c)®,
therefors

a /L
a g 1691

+ —

The region of constant velocities {u=u,) toward the end of the
initial section is eliminatad, thanks to which:

' b

tga, =a-o, =-2;

g3 =a9 S,
in other words, *he relativa crdinate of the internal boundary of the

boundary layer:

A ¥ | o0
b,
Boundary layer thickness at tte end of the initial section is equal

to the half-width of the transient section:

by=a' (3, —3)-§—a- Zepr o
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vhence

FOOTNOTE !, Here o', is undertaken with the negative sign, because y

axis is directed inside the flcu. ENDPOOTNOTE.

Thus, the ordinate of toutndary layer edge in the initial saction

of the jet:

3, .
. . / L
=9 — Py V __S: . ] (68)

The obtained general forwulas of the geometric parameters of jet
are suitable both for the circular and for the slot jet. In the
use/application to each of the jet individually, all these forsmulas

are replaced by numbers.

Let us examipe the basic properties of the initial section cf

slot jet.

Page 34.

In §3 was found the polar distance of the transient section:

‘i’h:lﬂ,

o ~
and the relative ordinate of the boundary of the basic section of the
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slot jet:
7rp = 2,412,

Hence the depth of the pole of the slot jet:

a'ha —
b, =041,
*he length of the initial secticn:
a'So —
by = 1,03,

the valus of the empirical coefficient:

a =125-a,
the relative ordinate of tha intarnal boundary of the boundary layer:

3, =0,77
1 (]
and the relative ordinate of bou#dary layer edge:

3,=—193.
The velocity fiasld of the boundagy layar of initial section, as it

[

vas accepted, similar the velccity field of the basic section of jet.

Therefore in order to ottain the field of the boundary layer of slot

~ ea

jet, it suffices-tablas 1 and Fig. 9 to change in accordance with the

ordinates of boundary layer, after accepting ¢',=0.77 instead of ¢,=0
and #',=-1,.93 instead of Fep = 2:4.
As a result of this rearrancement are obtained Table 3! and Fig.

22. -

POOTNOTE !. Table 3 gives values u/u, instead of ‘. since in initial

m

section u,=u, ENDPOOTNOTE.




r C e

[ ,
t DOC = 81037602 PAGE %/
! RN L &1
A 0 B B
f LA S ! | /
I — —t -
i N 1
NN
—t—t I 4 .
REEEREEEY a8
RIS 4
| HEERY4RE e
! 4 | } /T v
et A L__: ' :
NS l/;’ o R
t
'% j D
v , o - ’
{4

Fig. 22. The velocity field ip the boundary layer of the initial

section of slot jet.
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Page 35,

Por calculating the gaometric parameters of the initial sectiocn
of circular jet it is pcssiktle tc use the fact that the polar

distance of transient secticn is equal to:

a-L, _
Ro._osa

vhile tha relative ordi:ate of *he boundary of btasic section has a -

value:
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Hence we find the relative deptlt of the pole:

i\’: == 0.29,

the relative length of the initjal section:
a-S, _
R, =10,67,

the coefficient of flow pattern in the initial section:
a=1.28a,
the relative ordinate of the internal boundary of the boundary layer:
e :.1,17.
and finally the relative ordipate of the outer edge of the initial
section of the circular jet:
3. = —2,67.

In order to complete the analysis of the initial section of
circular jet, let us compcse Fig. 23 and‘t;ble 4 of relative
velocities in the boundary layer of initial section. Table 4 and
graph/curve by 23 are constructed with the aid of.E;ble 2. In this
case the boundary ordinates cf the tasic section of the circular jet

(#;=0 and ¢,=34) are replaced by the boundary ordinates of the

boundary layer of initial secticn (¢#',=1.17 and ¢',=2.67).
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conclusion/output of free boundaries theory and
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experimental check.
A) @ircular jet.

The construction of the canfigqurations of circular free jet is

conducted as follows (Fig. 24):

i3] Eind the pole of jet whcse deaptht:

hy 0,29 .

R, a (69
and conduct through it and through nozzle discharge edge the
rays/beaas of external jaet boundary. Tangent of the divergence angle

of the outer edge:

tga=a'-c,=a-3 =3,4a 70)

POOTNOTE t, On the selection c¢f value a it will be said below.

ENDFQOTNOTE.

2. They find location cf transient jet cross-sectional area:
Se 0.67 :
= (710
R, a .
and are constructed it. It is interesting ¢o note that a radius cf

transisnt section is a constan® value and does not depend on jet

structure:
Ra _ Lo _ -
R. = _3,3. ted)

3. Connect center of trarsient section with edge nozzles and

they obtain thus, boundary of nucleus of constant velocities (u=uy).

v e e B ey . Banas p ; =
e 0 et - W » % ! " . Y SRR LS Wl Roeogp®

w -y
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Pig. 24, Geometric diagram cf free circular jet.
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Page 38.

The tangent of the convergence angle of the toundary of the
nucleus of coastant velocities is equal tc:
tga,=a'9,=128-a:3,=15-a (73)
The divergence angle of the tcurdary layer of the initial section of
circular jet is comprised frcs the sum of angles a'; and a'z=a:
B =a, +-a,=arctg (1,5-a) + arctg (3,4-a). (74).
The width of bcundary layer ir the arbitrary section of initial

section comprises:

by e __. a'_:(?j _:_?'2) S .

R,

49-a (75)

S
R,
A finally complete radius of jet at tha assigned distance {S) frcm

the nozzle is measured by the valua:

RFP S+l‘o
Ry ™ ks

-+ 1. (76)

The only experimental ccafficiart of thaory (coefficient a) derends

on jet structure,

The analysis of exrerimerts of Trupel, Zima, Gettingen
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aercdynamic institute, Turkus apd Syrkin ! shows that in the very
broad band c¢f Reynolds nuwmbers (from 20000 to 4000000) coefficiert a

dces not depend on Reynolds pumtar.

FOOTNOTE 1, See bibliographical directory at the end of the article.

ENDFOOTNOTE.

At the same time the value ¢f quantity a somewhat changes with a
change in the velccity profile in the beginning of jet. With this a
it increases with an increase in the nonuniformity of

high-speed/high-velocity prcfilesairfoil.

After working/treatment cf experiments indicated it was possible
to construct the graphs/diagras cf 25 devendences cf coefficient a of
circular jet on the elcngaticn cf its initial field of velccities
)

Uep g

Prom Pig. 25 it is evidert that for the completely uniform field
of velocities - a=0.066. In tle¢ series/row with this for the

completely steady turbulent £i41d4 of velocitises (%" ;l.?S)-—a:0,0?G.
P

Fig. 25 relates to th2 "patural® turbulent jets. With the aid of

the artificial agitation cf flcs it is possible to sharply incraase

coefficient of a which in turn, will lead to the more rapid fading of
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The artificial agitaticn of free jat was conducted by eng.

Syrkin, vho estatlished/installed in initial jet cross-sectional area
(at the output from the duct) turbulence genarating grid and inclined
at angle of 8459 toward the axis the guides of blade. Turbulence

generating grid raised coefficient cf a to value of a=0.089. However,

guide apparatus caused aa(C.27.

A
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Fig. 25. Dependence of the coefficient of jet structure a on the

initial velocity field c¢f circular jet.

Key: (1)« according toc Trupel and Prandtl. (2). according to Zinms.

(3) . according to Syrkir and ?urkus.

Page 39,

The velocity on the axis cf the basic section cf circular jet,

measurad in the portions cf tte discharge velccity, is deterained by

the formula [see equality (%9)]:

4. 096 _ 096 _.
o ax T @S oo 77
RO RO ’

In the limits of the initial section whars

a3
Ry

= 0,67,
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axial velocity is constant/invariable and equal tc¢ discharge

velocity:

H,
Fithe . {78)

Fig. 26 connects together fcrsulas (77) and (78). On it is depicted
the curve of a change in thq 2xial velocity along the entire free
je+. In Pig. 26 are plctted tte exrerimental points of Trupel, Ziam,

Gettingen institute, Turkus ard Syrkin 1@,

POOTNOTE !. See bibliograrbicazl directory at the end of the article.

ENDFOOTNOTE.

In this case in accordance with graph/curve by 25, are accepted the

following values of constants a:

1) in experiments cf Trurel and Gattingen axperiments (initial
velocity field uniform) ... a=0.066.

2) in tha experiences cf Ziaa (%ﬁﬁu=1Jo) «ee a=0,070,
N P

3) in experiments of Turkus and Syrkin (1%3‘::L23} eee a=0.076.
4] .
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Pig. 26 testifies about the excellent experimental confirmation

of the character of thecretical curve of axial velocities along the

circular jet.

The theoretical velocity distritution law in the cross section
of circular jet vas abcocve ccmpared uith Gettingen experiments (see
pig. 14, 15, 16, 17, 18 and 1¢), which it completely confirmed. In
addition to this is given the ccomrarison of the law cf the cross
field of the velocities [see exgressicn (42) ] circular jet with
experiments of Trupel (Pig., 27). Experimental points Pig. 27 are

borrowed from Fig. 4. Thecretical curve is constructed in the fora:

inst=2ad of

u

‘ = fa=t8 e

u

As we see, and here the thecry cf circular jet coincides with

axperisent,

Page 40,

B). Slot jeto
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The construction of the ccnfigurations of slot jet is conducted
by accurately the same methcd, as in the casa of circular jet, with
the only difference that the are utilized cther numerical values of

geonetric parameters. Depth c¢f the fcle of the slot jet:

e _ 041

b, a 180)

Tangent of the divergence angla cf the outer edge of the slot jet:

tga=a'-y,=a-3,=24-a 81
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Fig. 26. Velocity change alcng the axis of circular jet.

Key: (1). Syrkin.
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FPig. 27. Comparison of the thecretical distribution of the velocities

in the cross section of circular jet with experiments of Trupel.

Page 41.

Lang*h of the initial sectien:

h= 82

n - -
p = 3.5 (83

Tangent of the convergence ancle of tha boundary of the nucleus cf

the constant velocities:

tge, =a' 3, =1,25-a-7, =0,96-a. (84)
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Divergence angle of the bcurdery layer of the initial sections
2=1 4 a,=arctg (0,96 -2) <+ arctg (2,4-a). 185,
Width of boundary layer in the arbitrary section of the initial

section:

C AL
b“: ¢ - a. \_?}_ .,_'2’. s =3.0-a- -S_ . {86)
b, R, R,

Complete width of the slot jet:

' -
brp _— S H /In =2‘4‘a-~5 »L—l. ‘5"'

by — . b,
For the establishment of the values of coefficient a of slot jet we
do not have available sc vast exrerimental material as in the case of
circular jat. Therefore it is jsrossible tc establish/install

dependence of a on %FE for the slct jet. Nevertheless, by analcgy

cp
vith circular jet, it is possitle tc be confident in the fact that
the coefficient and of the slct jet virtually not of Reynolds's hall,
but it gqrows/rises by increase cf degree of irregularity cf initial
velocity field and with an increase in the initial turbulence cf jet,
From experiments of Portmann, Ercskura and Turkus we found that
values a for the slot jet with "npatural®™ turbulence oscillate in th=
limits:

a=0,09—012

In this case the smaller values correspond to the nmore uniforas

initial velocity fields.
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Velocity for the axis cf tte basic section of slot jet is

i
i
exprassed by the formula [see =qrality (32) ). H
H

(S R T S .
CEE S f

In the linits of the initial section vhere

as !
b, < 1.0 i

axial velocity is constant:

(89!

=1.

Ity

Page 42,

| In Fig. 28 is plotted the curve of the axial velocities in the
initial and tasic secticps c¢f slct jet. FPcr ccecmparison of theory with

experiment Fig. 28 gives the exgerimental gcints cf Fortmann, Turkus

and Proskura.
i MorTeover:

for the pcints of Fortmarn is accepted ... a=0.11. .H

for the pcints of Turkus is accepted ... a=0.09.
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for the peints of Proskura is accepted ... a=0,12,

Pig. 28 attests to the fact that the character of theoretical

curve of axial velocities alcng the slot jet is confirmed by

exreriments.
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Pig. 28. Velocity change alcn¢ the axis of slot jet.

Key: (1) . Proskura.

(2) L ]

Turkuse.
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Pig. 29. Comparison of the thecretical distribution of the velocities

in the cross section of slot jet with experiments of Portmann.

Page 43.

The theoretical preofile c¢f the velocities in the cross section
of slot jet is also confirmed by experiment, of what it is not
difficult to be convinced from Fig. 29. In Pig. 29 are plotted
experimental the pcints cf Portsann which are rebuilt here froa Pig.

7. Is here depicted the theoretical curve:

/.2

u

2

constructed with the aid eof Tatlcs 2.

;:-‘-‘fk?u_ fv ®
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§ 7. On the diffusion of heat and gas admixtures/ianurities in the

free jet.

In the engineering practice frequently it is necessary to deal

concerning the free jets whict are ccntamipated by gas
adaixtures/impurities and have a tesrerature, different from that

surrounding.

The solution of the probles abcut the propagation of gas

admixtures/impurities and heat from the quiescent air into the jet

(and vice versa) only rcssible after will become known the laws of a
change in the temperatures and cas concentrations along the jet and

in its cross sections.

Experiments of Syrkin shcw that the temperature fields of free

jet they are similar tc its velccity fields t.

POOTNOTE !, In more detail this guestion examines the article of

Ruden (Ruden) see reference irdicatcr. ENDFOOTNOTE.

Excellently illustrates this phercmenon Pig. 30, on which is depicted {

the 2apirical curve of axial velccity and are plotted/applied the
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experimental points, which retlect a change in the temperature along

the axis of jet. It must Le ncted that the temperature points exgress
the ratio of the excess temrerature in this place to the excess

temperature in the beginning ¢f the Jet:

i r‘— rn-o—- — R T_‘
Tn—Tnou - Aro '

Here T - temperature in this place of jet;

Ty - temperature in the tecinning of jet;

"~ Twu~- temperature of lccaticr.
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Pig. 30. Comparison of the lase cf a change in the velocity and
excess temperature along the axis of circular jet according to

experiments of Syrkin.

Page 84,

The mathematical expressicn of the similarity of temperature and

high-speed/high-velocity fields c» the axis of jet appears as

follows:

— (%0,

The same condition in the crcss section of jet takes the following

form:

=, 9on

et ve m mE———— -
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One should assume *ha+t the velccity fields are similar not cnly
tenperature fields, but tc the equal degree and the fields of the

concentrations: ;

oq

V] AT A )
a, =37, ~ag . . 92

Here Ag - concentraticn difference in this place of jet and

outside it.

Agy - concentration difference in initial jet cross-secticnal

area.

In the first ssven paragraphs of this work is presented the

+heory of free turbulent jet. Ir the subsequent parts of the work

this theory will be used to the develcpment of the method of the
aerodynamic dasign cf flat/plare and circular jets and to the
permission/resolution cf a whcle series of the engineering probleams

of those connected with the jets.
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Page 45,

Part II.

AERODYNAMIC CALCULATION CF FSEIE JET.

§ 8. Genaral/common/total ccnsiderations,

The aerodynamic design cf free jet is composed from the

folloving elements/cells:

1) finding jet boundaries:

2) the determinaticn of the quantities of air, which take place

per unit time through differert crcss sections of jet:

3) the calculation of the supply of energy in different jet

cross-sectionals area:;

8) finding the average sreeds of flow in different places of

jet.

Into the problems of this saction of work enters the
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consunption/production/generaticn of the basic formulas of
aerodynamic design. Morsover 1s devaelopmd/rrocassed the method of
calculation not only of cosplete jet, but also its active part. The
latter consists of initial flcv mass and is called the nucleus of
constant mass. All other particles c¢f flow are sucked in frcm the
surrounding space and fcrm the ccnnected flow mass. The aerodynaaic
design of jet rests on the velccity distribution laws lengthwise
(%f).and across (Ji)’the jets, which were established/installed in
+he theory of jet ;nd they vere excellently ccnfirmed by experiment.
The latter fact makes it possitle tc hope for the fact that the

proposed method of aercdynamic design will correspond to the nature

of jet and it have an appiicaticn in the engineering practice.

§ 9. Slot jet,
A. Calculation of complate slct jet.

The basic geometric paramseters of free jet are: divergence
angle, depth of pole, lenctl ¢f initial section and width of jet. In
the slot jet, as it was shcun ir § 6, pole lies/rests deeper than the

initial section on the relative distance (see Pig. 31):

R _ 041
by a

Length of the initial secticn of the slot jet:
So__ 103

b, a
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Pig. 31. Diagram of slot jet.

Page 46.

Tangent of the lateral (one-sided) divergence angle of the slot jet:
tga=24-a.

Ralf-vwidth of the arbitrary secticn of the slot jet:

brp aS
b_o_ 254'[ ‘bo +0,41] .

The value of the coefficient c¢f the structure of slot jet usually
varies in limits of a=0.,09-0.12. Therefore the depth of pole, the
leng4h of initial section and tte divergence angle of slot jet

reaches the values of tha crder:

h, .

50 -—-4,5—3,-3,
Se .
b—o'—- ll,5~8,0.
2a=12°—16°1),

A
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FPOOTNOTE 1, It is nacessary tc emphasiz2 that a is the lateral
divergence angle of jet, Cential angle of its expansion -

2eq=239-320, ENDPOOTNOTE.

The gquantity of air per seccnd, which takes place in the arbitrary

section of the basic section cf flat/plane jet:

b,
Q=2. "u-db,

but, as is known:

b=a-(S+hy)-e .
db = a-(S -+ hy)-do.
Hence
s, =24

Trp
"
2 do,

Q=2-a:(s+h)-ta: [

[

vhere #, - veleccity on the axis cf the jet
ﬁ%==fw»

Express the air flov rate in the portions of its value in the initial

section:

2.4

(7:_8_0-_-:{.‘1_3_;__2.’10_),1% ’".'

\ by b, u .

‘u
o J Up

Frcm formula (88) is kpown the dapendence c¢f the axial velccity cf

slot jet on polar distance c¢f 3I( x=5+hy):
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tharafore

Page 47.

1 Participating in this formula integral can be calculated vith the aid

of the gquadratures accerding tc'T;bles 1:

4 24

{Yu~35= 1,0,

m
[

thanks to which the relative air flcw rate by the arbitrary section

. of the basic section of slot iet is evinced by the equality:

R Var YA '
I =12 ‘}f L 041 . . (93)
(]

For determining the volume cf air which flcwsy/occurs/lasts in the
arpitrary section of the jinitial section of slct jet, formula (93) is
unsnitable, Expenditure/ccnsusption in tha initial section is
composed of the expendituresyccrsumgtions ¢f the nucleus of constant

valccities and boundary layer:
’ . b:
Q = Q. 'J,—Q".:.=2'b1'u0+2"'.u-1/h‘
b,

Here by - half-width of the nscleus of constant velocities,

L, —
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by=b - the half-width cf entire jet.

In § 6 it was shown that: {

b’ =b°—al'?'z's;
b=b,—a-9S,; ]
db=— a'-S-d3. '

by=by—a'-zS; ’
In the slot jet:
% =077 3, =—193% a'=1,25-a.
Therefore expressing expendituresconsumpticn of Q' in the portions of

the initial (Qq) it is obtained:

Oy - 1,93

Q' b, ., fu db asS as u ,
== |- G =1— v —1.25. = . | ——--d=".
7 Q b, u, b, 1—0,% b, .25 b, u, “

nwIv

o

With the aid of‘I;bles 3 let us calculate the obtained integral:

- 1,93

-

u '
J-io»-d., =—112
0.77

After the substitution of the value of integral into expression q' we
come to the formula of the relative air flcw rate in the arbitrary

saection of the initial secticm cf the slot jet:

asS

g = 1’+o,43-—g- (94)

Since the length of the initial section aSy/be=1.03, then for the
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definition of the air flow rate in the cross section of slct jet with

aS/bg<1.03 should be utilized fcrrula (94), while with aS/bg21.03 it
LN 7

. e e em————

is necessary to resort tc fcrzula {93). In the transient section
vhere aS/by=1.03, both cf fcraulas sust give the identical value cof

E relative expenditure/consumgtice.

Page 48,

Calculation shows that the relative expenditure/consuaption in

tha transient section of slct jet is equal to:
9 =q=144.

The complete kinetic aerergy of slot jet in this cross secticn of

basic section is equal to:

“ep “ep
w ., v L . u o\ v a2 ,
E=2~f'.’v( 2 Ty )-u-db =-u ‘ [(-}lm) -1 1'::) ]-u- tb.
A 0 "
1 Prou‘[;ble 1 it is evident that even with a=0,12 maximum value v2

do2s not exceed 0.30/0 of u?. Therefora it proves to be possible to

1 disregard/neglect tera (1?)2 and represent the kinetic energy of
\ *m
slot jet in the following fcrs:

4
E=uu} -a-IS=+ hy). ’( : )3'(1;.
o .

F Expressing kinetic energy in this section in the portions of kinetic

force in the initial section, we cbtain:

E 3 . . h, v 3
= £ =) S (e

- _
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But

Therefore the relative kinetic erergy of slot jet in this section of

basic section comprises:

D — T . (99)

Por calculating the kinetic energy of jet in the initial section
ve will use the fact that it ccrsists of the kinetic energies of the
nucleus of constant velocities end toundary layer:

3
M | 5.
0 - *

E’=-E'+E"~ ¢ T qu‘

. b,
relative valone of kinetic erergy within the initial section is equal
to:

Page 49.

Abova it was shown that:
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b, as
s 1086 =

(] [1]
db =—1,25-a-S-d7’;
2 =077 u 3, =—193.
Hence ve find

-—1,
. aS aS f u\*
e —[—0,96-?.——1,25-—0—0—f\ u') dg.
o,
Table 3 gives the possibility tc calculate integral value:
- 1,93 s
[(_“__) dz' o2 — 0,60,
JN .
0,77

Utilizing this value, we cbtaim the final formula of relative kinetic

energy of slot jet in the artitrary section of the initial secticn:

e'=1—021 % : (96)

During the'aerodynanic calculaticn of jet cne ought not to forget
that in region aS/bo§1.03 ie suijtable formula (96), whereas in the
region as/bo)l.03 is suitable fcrmula (95). In the trans?ent section
of slot jet (asS/qo=1.03) cf fcraula (96) and (95) give the identical
values of the ralative supply cf the energy:
¢ —e==0,784.
The value of the average speed in the cross section of jet

depends on the law of averaging. Por the aercdynamic design of jet
are of interest two methods of chtaining the average speed. One of

them gives average/mean by the area velocity, another - average/mean
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according to the expenditure/ccnsumgtion,

Averaging velocity by the area, we obtain for the basic section

of slot jet the followving expraessicn:

br
| u-b bep
. v i o
o e m.. —-—'d -
[t s bep by | u, b
v
2.4 2.4
u aS i u u
= as'"'"—‘_"(T)'*‘_O'“) [ de= g [
2,4'(—0.—+0,41) .Y S m 5 m
Above it was established that:
2,4
’ 4 dz=1,0

Page 50,

This shows that in the regicn cf the basic section of slot jet the

average/mean by the area velccity, being it is divided into the axial

velocity, is equal to the ccystant valne:

B 4. (97)
u

Somevhat more complicateély procemds matter in the initial

sec+ion.
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b.

[ué]l::QL!5.+.l..}~u-dh

LY

After known conversions, we f£ird:

1-006.3% _195.95 [ 4y
. PR Ilu b0 . iy ’
_ui"_. — f_fi" . g7
my ly LA  1194.98
’ bo

Hence concluded the final fcrsula of average/mean by the area

velccity for the initial secticr of the slct jet:

] * 140435
ueP] _—____.—__b._._.
Be | < (98
ay S 1_*_&4.%_
L)

It is not difficult to calculate, that in the transient section of

slot jet formula (98) converts/transfers into equality (97):

Tu. " u.
|- = " =041,
o iy _lUmly .

Let us novw move on to the investigation of average/mean according to
the expenditure/consumgticn velccities. In this case for the basic

section of slot jet we will have:
brp 4

[
1 u-dQ ‘

.
[\ w
—_— pi

brp hl‘:;

e 1dQ " l "

tlm'z

_J
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Integration by guadratures fcr 1;bles 1 gives:

.f" \2 '
’ ( “.) dz =068,
ll," ,

o
24

j‘ ( :m) -d?%' 1,0,

Page S51.

Whence relative value cf the averages/mean according to the

expenditure/consumption velccity in the basic section of the slot

jeat:

i Wep | -
L u:_“ = 0,685.
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For finding the average flow velocity in the initial section
we use ejualit;.

Q, . ' 2
I e (e

._ -—J['n— " - ’.' - h . -
Bk, [Q.H“«’] o i@ !
\ . .. kI ~
Q, Q.
2 1
a-S a-S u \*
l—“b ‘l+ b -f(uo) d@ .
- m
q J
Here i
¢'=14043.2,
[]
a =1,25a;
@y =—1,93;
9, =0,77;
- 193 n
f(z ) -ds = —0,767.
77 *

Becauss of this the final fcrsula of the average/mean acccrding to
the expenditure/consumgticn velccity in the initial section of slot

jet takes the following fcru:

u ] ) 1
<p
P e . (1o
[ “olh —0,43- ‘:-,S ' '
0

In the transient secticn c¢f formula (100) and ¢%9) give the
idantical values of the averace,/mean according to the
expenditure/consumption velccity:

& “,
| =] -2 =0,685.
e |2 Uy §a
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The lavs of a change in the axial velccity,
expenditure/consumption ard kinetic energy of slot jet are
represented in the form of curves in Pig. 32. The laws of the average
speeds, obtained via averaginc ty the area and accerding to the
expenditure, are depicted fcr Fig, 33, Fig. 33 and 32 are constructed
according to formulas (93), (%4), (95), (96), (97), (98), (99), and

(100) .
B. Calculation of the nucleus of the constant mass of slot jet.

By nucleus of constant mass we understand that part of the jet,

in any section of which tte re¢lative air flcw rate is equal to unity

(@, =1).

Page 52.

Condition ¢4 =1 gives the pecssikility tc datermine the gecmetric
configurations of the nucleus cf ccrnstant mass. Let us compose for
this ¢he formula of expenditure/ccnsumotion in the basic section of
the nucleus cf the constant mass:

Ta

qa=12:] " P +o41.
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BT AT e e vw————— s e

e . - o

FOOTNOTE t. This formula is ccsprised by analogy with the equation

diverging of ccmplete slot jet. FEDFOCTINOTE.

Whence, utilizing conditicn ¢,=1, we will obtain:

,4l?f T:Lﬁd?: —72—‘38?3_3———_2' (10‘1
m
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Fig. 32. Curves of a change in the axial velocity,
expenditure sconsumption and kinetic energy aleng the length of slot

jet.
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Pig. 33, Curves of a change in the averagesmean in area (¢ and

cp l)
averages/maan according to expenéiture/consuampticn (4,, velocities

} along the slot jet.

1 Page 53,

With the aid of expression (1C1) can be calculated the half-width of

ths nucleus of the constant mass of the slct Jjet:

b, aS
bo —?a'['bo +0,41]. (102:

The order of calculaticn z' must be the following:
[}

1) after assigning value ¢f aS/b,, we determine value a,.
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2) With the aid of Tables © cr Fig. 34, in which is given

depandence A,=f(z,)'), we fipd s =©(4,.

FQOTINOTE t, Table S is calculzated by the method of trapezoids
according to Tables 1. ENCPCCIKCTE.
0

3) Through formula (10Z) we find 5"-
0




DOC = 81037603 EAGE [//

Tab 12 5,
°ou ‘./ u \? ! da u 3 ’
! = = ] “ = LoV . == : 2
“ oA j i d A, s ) A, f . a: |
Lk} i "
0 0 0
0.1 F 0089 0,098 00,7
02 0,195 0,190 0,186 :
: 03 0,287 o oxs 0,263
: )
i 0.4 ! 0,374 0,350 0,329
0,5 ; 0,455 0,416 0,383
- - - 1
06 f 0,530 0,473 0.426
e 0,600 o o5 0459
0.8 0,662 0.261 0.484 |
s 0719 0.594 _es03
1,0 0,770 0.619 0,516 !
] 11 L 0.814 . 0p3@ : 0,525 |
1,2 0.853 0.654 . 0,531 E
13 0,885 0.665 A 0.534 i
1,4 0913 0,672 5 0,537 ;
15 ) 0.935 ~ 0677 0,538 o
1,6 ' 0.954 0,681 | 0.538
) 17 0,968 0,683 ! 0,538 | ,
1.8 ° 0.979 0,684 - 0.538 i
19 0987 . 0685 i 0538 |
20 ; 0,993 0,685 : 0,538 3
2 . 0.997 0.685 0538 !
‘ 22 | 0,999 0,685 ; 0,538 4
. - 23 1.000 0.685 i 0,538 :
: i - -
: 24 1,000 0,685 * 0,538 ‘,
Page 54.
For the transient secticr cf the slot jet where aS/bya=1.03, we
find:
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e
[ B 1 .
["?alo =f(A'l) = 0186;
b,
[ =12+

In the work of the authc: N‘erodynalics of flow in open
vind-tunnel test section®, h., 1, page 25 is shown that the boundary
cf the nucleus of the ccnstant smass of the initial section of free

jet is rectilinear.

Let us find the ordipate cf this bhoundary —3,. For this let us
compose the expression of the half-width of the nucleus of the

constant mass of the initial section:

a's . - as .
b—o _bn '_..'—1—1,25"6;‘?‘.

-

In transient section (aS/tge=1.03):
b, b
» 1=\ 5 =1120
[b.,]o [bl *

2, =—0,18. (103)
Thus, the half-width of the nucleus of the constant mass cf the

vhance

initial section of slot jet is expressad by the formsula:

b, aS
b = 1+0225. 57 (104)
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Fig. 34. Auxiliary functicns fcr the aerodynamic design of the

ruclaus of the constant mass cf slot jet.

Page 55.

Relative supply of energy cf the basic sectiocn of the nucleus of

the constant mass of the slct Jet:

1,73 Tul®
e, = e —-1 -ds.
l/ 5—; + 0,41 o

The values of the integral

Pa_ 3
.43= fl-ui] 'd’-"
P -

are calculated accerding to‘I;hles 1 and are given in'tible 5 and
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Pig. 33. Thus, knowing =a==f(%§), nct difficult tc £ind value of Ay
(]
and to determine the relative supply of energy of the nucleus of the

constant mass of the basic secticn ¢f the slot jet:

e, — /‘_'?;";‘-‘ﬂ__ : , (105)
a ' ¢
i ‘/ -b:+0,41

Energy of the nucleus of the ccrstant mass of initial section will be

lccated from the formula:

-~0,18

- as - aS rlue P ,,
e,=1-—096- 50—1,20 b, J l-u”]J ds'.

With the aid of the guadratures throuqh‘f;hles 3 wve find the value of

the integral:

-0.18

J' ["L-T dy =—0,55.

0.7

Hence relative energy of the nucleus c¢f constant mass in the limits

of the initial section of slct “et arprears as follcws:

v e, =1—0,275 - ‘-’b‘—g. (106)
| 9

It is logical that in basic section (aS/b°3;.03) should be used
formula (105), in the initial secticn - by fcrmula (106). In
transiant jat cross-secticnal area both of formulas are equivalent.

Haere:
e,=e,=0,715.

The average/mear according tc tha axpenditurs/consumption velocity in

L———m—-—-——'
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the nucleus of basic sect jon is expressed by the equality:

"'j o -3 -5 (107)

e N RV Y S
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Page 56.

¢

Values A;=f, (7.4 As=f113,) are calculated according to tables 1 and

are given in table 5 and Fig. 34, Using them, it is possible tc
calculate relative value c¢f tte averaga/mean according to the
expenditure/consuaption sgeed in any place of the nucleus of basic

section.

In the initial section:

b, "(_‘.", )2 db
F;u_'c_p: _ b0 ":j u, bu .
. U Joa . q,', 4

However, the basic property of the nucleus of constant mass consists

in the fact that g¢,=1.

Therefore —os

o o as . aS [ u )

PR e RN B Ry ’ 2 e
0,77

i (T mn,

The intagral, which is contaiped in this expression, can be

calculated according tc the metkcd cf trarezoids with the aid of

e




wo = siosreos  sace 2

tables 3:
-0,18

!'. [u ] d: =— 0,64.
. @,
Q.77
Thus, the average/mean according to the expenditure/consuwption speed

of the nucleus of constant mass in the initial section of slot jet is

equal to:

as (108)

o
; u-n ..'2.'1—_ L= 0‘16 ’ b,

In the transient section c¢f slct jat (%§==IJB> ve obtain the

following value of average/sear acccrding to the

expenditure/consuaption of the sgeed of nucleus constant mass:

fe, ,_-"’cv _ _
[u.]m' [7u ;aﬁ'msam
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Pig. 35. Laws of change, widtt (%%)-kinetic energy and average stgeed

ip the nucleus of the ccnstant sass of slot jeat.

Page S57. At conclusion of the aerodynamic design of slot jet we give

Pig. 35, in which are fplottedsaprlied *he curves of relative width,

kinetic energy and average/mean acccrding to thea
expenditure /consumption of the sreed of the nucleus of constant mass

slo* jet. The curves Fig., 3% are calculated according to foramulas

(10 ~-(108) .

e bt L

§ 10. Circular jet.

Prom the fundamental side the aerodynamic design of circular jet

in no way differs from the aercéynamic design of sloct jet. The at the
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same time basic foraulas cf calculaticn acquires somevhat different

fornm.
A. Calculaticn cf complete circular jet,.

The pole of circular jet (Fig. 36) lies/rasts deeper than the

initial section at a distance:

by _ 029
R, a

The langth of the initial secticn of circular jet is equal to:

SO —_ _Qu67

R, a

The tangent of the lateral divergence angle of circular jet
comprises:

tgx=234-a.
A radius of the arbitrary secticn of circular jet is determined by

+he formula:

R as -
IP'—' . m—
Ro-3A R04-029_.

The coafficient of the structure of circular jet is the value of
order a=0.07. Because ¢f this the derth of pole, the length of

initial section and the lateral divergence angle of circular jet have

hy
Rll
Se'< 100
2 =100;

values of the order: =4,0:

2214

i
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Pig. 36. Diagram of circular ijet.
Page 58.

The quantity of air per seccnd, which takes place through the

cross sectior of the basic secticn cf circular jet, is equal tc:

Kep
Q= f{u-2z-R-dR.
o

However,
R::a-(S—}-h‘,)-'_:;
dR=a-(S+h;)-d=.
Therafors , , Yopm

Q=2-=-a* S+ h,)u, 5— 2 ds.

Express is the air flow rate in the porticns of its value in the

initial section, then: v

34
' a-h,

.. Q _o [aS O
qkq.Q:_ [Ro+ Ro].“of“-.".d".
bt [}

As noted in § 6 1, relative value of the axial velocity of circular




S
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je* depends on S:

POOTNOTE &, See formula (77). ERCPOCTNOTE.

Hence we obtain: e

=192 (g o) [L o 4
[} ar »
[4]

Using table 2, ve compute bty tte method of trapezeoids the integral:

i

-~
-0

!
~ 3 - do=1,138.

l=|=“

After the substitution cf its value into equality q, we come to the
fcrasula of the relative air flcw rate in the bkasic section cf the
circular jet:

g =218 (“R‘-§+o.29). (109)
The air flow rate in the initial section of circular jet can be
reprasented in tke form of the sum ¢f the expenditures/consumgticans

of the nucleus of the ccnstant velocitias and the boundary layer:

By
Q':Q'+Q".c=:.m-“o.r_2._-:....u.R.dR’

R,

hare B, - nuclear radius cf ccnetant velocities;
R,=R,— radius of boundary layer edge.

Page 59.

A Al LA SN SRR @ ¢
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It is known (see § 6) that:

R Rg"-al S 9
dR=—a'-S.dy"
R]aRo—a S Ql'
R:‘Ro—a’ S ‘3’.
Purthermore, as it was estatlished/installed in § 62
2, =L17; 3,=—2,67; a =1,28-a.
Thus, if ve express expenditure, consumpticn of Q' in the porticns of
the initial (Qg) . them it will te obtained:
R,
Q [ ] u R.dR _
9. .
9= Q + rea

]

—2,67 B - 267

. - aSy* — 956 & J_'d"+328 { ‘u -3 de . ‘

=1—15- 2|
:)R°

Calculation with the methcd cf quadratures on Table 4 leads to the

following values of integrals:

J E. ds = —1,465
—.'G"

‘-i . '_5' . df,-: —0.282.
o .

107

Replacing integrals by numbers, concluded the formula of the relative

air flow rate in the initial section of the circular jet:

¢ =1-0,76 - ~-L-132 (o

R,

aS [asr

R,
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Pormula (110) gives the possikility to perform calculations in region
%‘g 057. However, in the regicr %)0.67 - is suitable foraula (109).
After calculating for the transient section of circular jet, ve are
convinced of the fact that here bcth formulas give the identical
values of the relative expenditure/consumption:
q'=¢=2,10.
The relative supply of epxergy in the basic section of the

circular of strings is measured ty the valus:

Zrp
g TSunRAR

e=-;=+%T=2-[:—:r-l;§+o,29]'. [’[“iur.;.‘;-..

-
o

p=3‘4

By means of +table 2 we find:

34
[

f[;—j -9 -d9=6,331.
s - " :

Page 60.

In the series/row with this it is known:

ue 096
u,  aS o
R, -+ 0,29

0tilizing that presented, vwe clttain the final form of the equaticn of

the relative supply of energy ir the basic section of the circular

Jat:
o= 059
— aS

L 0,9
K 0,29

(111)

R ———
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Supply of anergy in the initizl section:

. E _[R, R-dR _
¢ k" [ﬁo] 2 ‘[uj R
. aS* .. a$s r R aSt [jw .
. ),a. . . ’ _?("' ({4_‘ 328 pj- . ' ( s e df.

—2.67
ot .
} . -2 gl - 0,430

l.lT‘
The replacement of integrals Lty numbers leads to the formula of
relative kipetic epergy in the initial snection of the circular jet:

as
R,

fas ?

T ] — .
e 1,03 Ro

+0,68 - (112}

It is logical that wvhen %§:;0£7 is atilized formula (112). At the

same time when %§:>0ﬁ7 they rescrt to forsula (111). In the

transient section of circular jat both of formulas are suitable to

the equal degree. Por the trarsient section vwe obtain:

»' = e =0,615.
The average speed by the area in the basic section of the

circular jet: Bro
? yu-2=-R-dR 2. [Rg-l-ozgl Prp = 3.4
== .. e e 0 *u

«”m-;l H :.R'rlp e ) I—-f-(i.‘-

3.42. lR ~ 029J
0
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()

J i ds=1,38.
v
Page 61,

Therefore relative value cf tte¢ average/mean by the area speed in the

basic section of circular jet is ccpnstant and equal to:

Uep

In the initial section of circular jet average/mean by the area speed

vill be deternmined fros tke ccrditicn:
Iy

o A fa
.. A -a s { e
Yoo &|' 2 f._u_ .RdR_L_&____”L-uj-_ R"_
1 R‘)
Thus, in the initial secticn:
’ . aS aS|
. 1
v, L0,76 - R +1,32.- [Rol
=)= pAE (114)
v by _680. +1156 [R]
[}

Comparing formulas (113) and {114) we note that in the transient
saction of circular jet beth these fcrmulas give the identical values

of the average/mean by the area sfpeed:

[“_a} =['.‘°9] —0,197.
4y I by It

Let us find now average/mean from the expenditure/consumption speeds.

By S
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In essence section we will have available the equality:

Fop

Lep Yep U R
| 2-dQ | ut-R-dR ., 738 B
icz] LI v
[”n 1 &y T Y Ep Fep
4,1dQ nu,(u-R-dR i LR
v -0 v‘ a, A
(]

By means of tables 2 let us calculate the integrals:

3.4
J (-‘f-).?-d-;-_:l,l%.
i,
]

Thus, the average/mean according to the expenditure/consusgtion

in the basic section cf circular jet is a constant value and is equal

to:

, 'i:!l:o.n. . (113)

Page 62.

In the initial section:

o

speed
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e G [[uT.RR
[u;’] %-Q.+ﬁ)'u-dQ Qo—:fl_"o] R}
L P
' R * " X ual R‘.dR . ‘ *
[z‘e;]ﬂ“?;flz]"ﬁa -
N T - ’ |
?2 i

-
re
-

# . 'f’;
ql * -
But, as is knowun:
2, = —2,67;
3, =L117;
- a=1,28-a; .
o
f To] ds’ = —0,983
2
N
"‘ l-‘-]- 3 dy’ = —0,476;
J i, )
5 o |
asS aS f
'=140,76-— 4+ 1,32:] —| - ¢
q + R, T [Ro] ,

Relying on these relaticnships/ratios, ve ckbtain the formula of the

average/mean according to the expenditure/consumption speed in the

initial section of the circular det:

”cp

LS y 116,
- M 1-+-o.76-i’-§-4-1.3:.»-[313"i
[)] ']

as alS 1’
1—047- 7+ 0.70-[—[5]

+he numerator of fcrmula (116) in the entire region of initial




/
oc = aomso  phc A

section is close to unity. In the beginning and at the end of the
initial section it is equal tc unity. Therefore formula (116) can be

as follows siagplified !:

R, R,

[ﬁw] - ] — (116a)
“ol: "y Lo76. % -4-1,32-[ ‘[";5 l
f

FOOTNOTE t. Equality (116a) can be obtained directly froam the

condition of the ccnstancy cf mcmentum in the jet. ENDFOOTNOTE.
Page 63.

As one would expect, in the transient section of circular jet

'(2f:=067) of formula (11%) ard (116a) they lead to one and the same
®

value of the average/mean acccrding to the expenditure/consumpticn

sSpeed:

At conclusion of the aercdynamic dasign of complete circular jet
va give Pig. 37 and 38. On the first of them are depicted the laws of
a change in the axjal velccity, expenditure/consumption and energy
along the jet, On the secend ~ laws of a change in the averages in
area and expenditure/consumgticn of speads. Fig. 37 and 38 are

constructed according tc forselas (109)-(116).
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B. Calculatiocon of the nucleus of the constant mass of circular jet.

The boundaries of the nucleus of constat mass of circular jet
can be determined from the ccrdition of the constancy of the air flow

rate in nucleus (¢,=1).

|

el

PR SV




Fig. 37. Laws of a change in the relative speeds,
expenditures/consuapticns and kinetic energies alcng the length cf

circular jet.

e

it aliad Il o
i i

r__. SIS G v
1

s4

a3

Pig. 38. Dependence of average/mean by area and according to

expenditure/consusption sreeds in circular jet from relative distance




DOC = 81037604 EAGE /{;)7

+o nozzle,

Page 64.

Relative expenditure/ccnsusgtion fn the basic section of the

nucleus of the constant mass:

S .
=192. [ %2 - :
¢, =19 [RU o,eg]\
\-fj'[ 'i‘ -’?.(l'.;,
y "
however,
q.——':.l'
vhance B—-?JL-'b; 0.52 )
1—' n ‘r".-—-f;s————, (117)
1-1 R‘_+O’29
[}

Expression (117) gives tte pcssibility to calculate the nuclear

radius of constant mass in the regicn of the basic section cf the
circular jet:

R, _(aS P
Py _( ﬁo—-;-o.zg) 2 (118)

The ordear of calculaticn z" sust he the following:
0
as

1. By assigned value B is deterained value B,.
9

Fe
2. Prom table 6 °tA39' ir which is given dependence B, =f(3) '

e 2a @

e et s e e
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+hay find appropriate value 2=9(8).
POOTNOTE i, Table 6 is calculated with the aid of the quadratures

according to tables 2. ENCFCCINGTE.

3. By formula (117) they find I,S: ="-('.=¢:‘—;£). In the
\ [

transient secticn of the circular jet vhere ‘;‘)S = (0,67, vwe have:
a
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Pig. 39. Auxiliary functicns fcr the aesrodynamic design of the

nucleus of the constant mass cf circular jet.
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Page 6S5.

Table 6.

PAGE /;//

%u = (Y B.= " u—_‘l'_: d= { B u \3 s.dz
iy e e s Loy
0 "] 0 0
0.1 0,005 0,005 0,005
0,2 0,019 0,019 0,018
0,3 0,043 | 0,041 0,039
- 1‘ ! — —
04 . 0,074 | 0,069 0,065
0,5 . 0,113 ) 0,703 0,093
- . e ' . . | -
0.6 0,158 [ 0,139 0,123
0.7 0,208 1 0,178 ) 0,133
08 0.262 0,217 0,181
0.9 0,319 0,250 0,208
1.9 0,379 0.293 0,231
- 1.1 0,440 0.329 0,252
1,2 0,30t 0,301 0,269
1,3 0.562 0,35 0,284
1.4 : 0,622 0,418 0,296
1,5 . 0,680 0,441 0,305
1,6 0.736 0,461 0,313
1,7 0.789 0,478 0.318
1.8 0.838 0,192 0.322
19 0.884 0,503 3325
20 VY25 0.512 0327
2,1 0,963 0.5:9 0.328
22 0,99 0.524 0.329
23 1,025 0,528 0.330
2.4 1.049 0,53t 0,330
2.5 1,070 0.53., 0.330

ey
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26 ;087 0,554 0,330
27 1101 0,535 0,330

: 28 112 0,535 1,230 f

! 29 1120 0,535 0.330 ;

l 30 | 112 0535 0,330
31 | 1,131 0,535 0.330 ',
32 | 1,133 ; 0.535 0,330 '
3 1135 ! 0,335 0,330

- : | —— —

f i

! 34 1,136 ! 0,535 0,430

Page 66.

During the development of the aerodynamic design of the nucleus
of slot jet we indicated that in the limits of initial section the
boundary of the nucleus cf ccrstant mass was ractilinear. The
relative ordinate of this boupdary - 7. Then the nuclear radius of

the constant mass:

\

R a-S as
T =1 — = 1 —1.98. -,
Ro l R(, Ya l l 8 Rl) T
In the transient section:
Rln _R_'! aS (Y
,—?..:__ A =1|2159 "R”"::0167'
£ = —025, (119)

Yhance

Utilizing equality (119), concluded the formula of the nuclear radius
of constant mass for the initial section of the circular jet:

R as
a a2 . (120
R 1 —0.32 R ‘ )
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The relative kinetic energy of the nuclaus of constant mass in

the basic section of circular jet is equal to:
3

Fa
1.78 N,
s () e 20
S 1029 :
R,

e,=-

Above vas indicated the methcé cf finding .. Hcwever, integral

values:

P R,

are calculated according to tatles 2 and they are given in lable 6

and Figo 38'

Let us find the now relative kinetic energy cf the nucleus cf

constant mass in the initial section:

S| s V3
. a a * u .
=(1—;8.821 _9s6.92 e NP
e, Il ] Ro] 2,56 B ] (\"“) de'

. !
-—11,25
3

3 . N N

- uy
. ’ - ) -gledy!
| a, 7.0z

ol

asS

+3,28- R

The numerical values of integrals let us determine on fable 4:

-0,25 \
Y w0708
,._}7 (' LA (
-'}25
J (:o )3.;'.,1;'=-o.500.

17
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Page 67,

On the basis of this, we will cttain the fcllowing formula of the
relative kinetic energy of the nucleus of constant mass in the

initial section of the circular jet:
aS]2

) aS
e, =1—1,14. R, -+ 0,61 R, (122)

In the transient secticn fcrmula (122) must lead to the same

value ¢, as fcrmula (121).

Producing the appropriate calculaticns, wa are convinced of this.
Thus, with (aS/Rg)=0.67:
e =e,=0515.

”

The average/mean acccrding %o the expenditure/consumrtion sgeed

in the nucleus of the tasic secticn of circular jet is expressed by

the equality:

-.-__gs-. (123)

In this case integrals B, and B, should be borrowed froa fhble 6 or

Pig. 38.

The average/mean acccrding toc the expenditure/consumption steed
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of nucleus in the initial secticn will be lccated from the

exprassion:

-0,25
L
\ 2

_‘—u;p = as ’ [ . ad ) u dldg!
[ i, L‘—[l—lﬁ° Ro}—2.5b-—ﬂ.j (II,: , iz -

147
—-13,25

_.'..3'38.[ %f]: ."' ({ Z“ '):-'.;'-II'.;’.

117

Containing in this expression integrals it is nct difficult to

calculate according to Table 4:

~0.25 .
/ ( u )'.d.f.rz._o.sm:
. a,
W
035 ,
| s = — 0544,
\ He

Henca avarage/mean acccrding to the expenditure/consumpticn speed of
the nucleus of constant amass ir the initial section of the circular

jet:
L 1070 ‘}(,S- o785 (124)

Uy i Ro o

In the transient secticp where cccurs coupling of initial and basic
sections, fcrmulas (124) and {123) give the identical values of the

average speed:

[ o) [ 40 ] _g70
L, Sl T

Page 68,

R
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Pig. 40 depicts the curves c¢f relative radii, kinetic 2nergies

and averaga/mean according tc the expenditure/ccnsumption speads for

the nucleus of the constant mass of circular Jjet.

Pig. 40 is constructaed acccrding to fcrmulas (117)-(124) .
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Pig. 40, Curves of a change in the relative radius, the kinetic
energy and the average speed ir the nucleus of the constant mass of

circular jet.




B S =

LOC = 810376084 EAGE 7/77//

Page 69, 3
part III.
EXAMPLES OP APPLICATION OF FG6EE ECUNDARIES THEORY.

1. Air curtain.

The productior process cf some industrial coastructicns (derot,
hangars, garages, etc.) reguires the pericdic opening of enormous

openings (gates) within the exterpmal wvalls.

In the winter time through these open openings are dug in the

considerable masses of surrcurding air, which call the intense

ne

cooling of working locaticn. Fight with the cold by means of the heat

installation under givenm conditicms proves to be not profitable,

since it requires colossal pcuer exrenditures,

Therefore usually instead cf the thermal compensation of
cooling, we try to overcona tte the self-digging of surrounding air.
one of the mcst rational mathcds cf mechanical fprotection from the
incidence/impingement of cold air into the locaticn is air curtain.

The operating principle of air curtain consists of the following. In
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the floor/sex directly Lefore the oren gates (Fig., 41) is had

available the slit-shaped air duct frcm which escapesensues the
inclined (at angle a to the plare winch) slot jet of air with initial
velocity ug. The wind current cf surrounding air, moving with speed
Voe €ncounters jet and the ais is to bend it to the side assignaent.
Under the action of the wind the jet is bent, and its curvilinear
aerodynamic axis intersects with the plane winch, If intersection
will lie/rest higher than the gates, then building will be completely
shielded from the incidence/isgirgement in it of surrounding air. But
; if intersection is arranged telcw tcop winch, then the protective

action of air curtain will te c¢nly tartial, since in this case cold

air will penetrate in the building through the clearance between the
intersection and the top winclt. The particle trajectory of the bent
jet can be obtained by the ceczetric addition of the flows of the
slot jet and wind. For this it is necessary to know each of the flows
indicated individually. It is lcgical that the wind current on tte
basis of one or the other ccpsiderations it is possible to assign.
Hovever, the laws of the course of slot jet are studied in the first

two parts of this work.
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Fig. 41, Diagram of air curtain.

Pa’je 700

Thus, are available all necessary preraquisites/premises for the
solution of the probles atcut tte air curtain. Comparatively large
volume of this of problem fcrced us tc make by its theme of separate
investigation., In this example we will exawine cnly approximate
solution of the equaticn cf tte aercdynamic axis (axis of maximun
speeds) of air curtain. Pcr tlis purpose let us replace true jet with
the fictitious jet whose particles nmova with average/mean in flow

rate (&) true jat velocity. Jet direct at angls a to tha plane winch

(Pig. 41).

Y axis let us arrange tcrizcntally and direct against the wind.

X axis lot us cosbine with theé plane winch and direct upward. Wind
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velocity we will consider ¢time-ccnstant and on the height,saltitude 1.

FOOTNOTE !. The fundamental side of matter certainly will not change,

if wve take any other distrituticn of the speeds of wind. ENDFOCT NOTE.

The posed problem can ke formtlated as follows. To find the equation

of bent axle of air curtain [y=f(x) ], if are known wind velocity
(vgo=const) and law of a charge ir averagae/mean in the

expenditure/consumption of sgeed initial slot jet (uep =uyx(x)].

4g;oducing the gecmetric additicm of the wind current and jet, ve will

obtain the following ccmrcnents ¢f the spaed of the air curtain:

174 . .
A A I,_—:uc,- sina—a.,

‘ dt
! dx

dt

‘I
¥ (125)
=V,=1u- cosa. : !

The differential equation of the axis cf curtain will appear thus:

’a{l_= V' —tga— V.

d. 4

£

— 126)
COs 2-Up

Proa the aerodynamic design of slct jet (§ 9) are known the following

formulas of the average/mean acccrding to the axpenditure/consumrption

spaed:
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aS . )
a) in initial sectior ( » >ID3y
By _ L
“ 14043 ‘;5
. o
b) in basic section (<%_;}}p3):
Uep _ Hep  Mu __6g5. 2w 0.82
Uy LY “0 ' ag

aS
b, +041

Here S ~ distance from the tecirning of jst to its given secticn.

bp - half-width of initial jet cross-sectional area (half-width

of axit slit of the air duct c¢f curtain).

In this case when the plare of jet straddle x, it is necessary

to keep in mind that:

cosa ’

Page 71.

Thus, in the initial secticn cf the air curtain:
u,

Hep = ax (127a)
14043 - =
In its basic section:
Wep = 082a, (127b)

T _‘/ a-X
V b,cos1 + 041
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The boundary between the basic ard initial sections passes to the

pcin’t: a-x

Focoss 1,03. (127¢)

Expressions (127a), (127b) and (127c) give the possibility to solve
diffarential equation (126). let us solve it first for the initial

section of air curtain.

Here: .
dy' Ty N q._ @Xx .
dx e cos 2- i, (l+0'4" b,-COSs 2 )
Lot us introduce the designaticns:
__ay |
b,-cos 2 l
X
~ b,-cosa |
et |
Then ¢ !
4y ‘tg1—v—0,43- v-x. (128)
dx
Whence y=tgaik —0.x—0215- T -, (129)

It is not difficult to surmise, that with x=0:

¥ =0, ‘i‘ce/ ¢, =0,
Henca we obtain the final aequation of the axis of the initial section
of the air curtain:

Y =tga-x—v.x—0215 v-x, (130)
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At the end of initial secticn (¥=1.(3) ve cbtain the following

ordinata of air curtain:
Yo=1,03-tg2—126-0,. (131)

Let us find now the equaticn c¢f tha axis ot the basic secticn of air

curtain. In this case:

::-" =tga ~ 1220} ¢ +0,41- (132)

X ,

Whence ) v > T
y=1tg3.x—081 -v(x+041)+c, (133)

Page 72.

In the beginning ¢f tasic¢ section (x=1.03) and at the end of the
initial section the ordinates ¢t curtain must ccincide:
Yo=Ya-

However, with x=1.03: y.=1031g2—1,41-v+c,:
v,=103-tgz—126-7.

Therafore
€, =0,15-7v.
Thus, the equation of the axis ¢f the basic section of air curtain
takes the follcwing form:
y--tg2-x—0,81 -v-(x+0,41):4 0,15. 2. (134)

However, during finding of the trajectory cf the axis of air curtain
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/
shculd be first determined the crdinate of transient section (yo=Yoe«
and ther in region x<1.03 perform calculations according to the

formula (130), in the region x31.03 ~ according to formula (133).

Is recommended the fcllcwirg crder of the determination of the

trajactory of the axis of the air curtain:

1. To select initial values - ay, Vg, Ug, bg, 2 and to calculate

v= (VO/uo cos a);

2. To assign different values of x and to find the appropriate

values of x=(aex/by cos a);

3. Prom equations (130) andé (133) to find values of y=£f(x):

4, To calculata the apprcrriate values of y={yebyecos as/a);

i
!
>
l
F

S. To construct the unkr¢we curve y=f (x).

It is necessary to ncte that fcr designing the air curtain there
is the graatest interest in a gquasticn about its range. Ncraover by
range ve understand distarce frcs the bottcm winch to the
intersection of the axis c¢f curtain with the plane winch. Ordinate of

intersection: v

Sy

a.
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Therefore, the range of curtair is determined by the condition:
0=tga-x,—0,81-v-(xn+40,41): 40,15 . (135)
Atteapting to siaplify linings/calculations, let us disregard/neglect

the lov values (0.41 and 0.15 ¥), then:

x, =15 122 f=1,5-( “a )'-sin=z. (136)

vy

Lat us designate distance from the bottom of winch to the
intersection of curtain witt the plane winch by letter H. Therefcre
the final equation of the range cf the air curtain will take the

fclloving form:

H = -_b"-cos 1
a

or, that ¢the sanme

H 1,0 [/ ua\* . . -
= . +sin® z- . 137
5, . ( 'v.‘) sin*z-cos 2 (137)
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page 73.

Let us f£ind nov such a value cf the angle of the jet inclination (a),
with vhich air curtain will pcssess maxiaus range. It is cbvious that

+his value of angle a cerrasgecrds te the condition:

dH
da =
Whence
2.cos* 2 —sin*1=0,
tra= 131,
i.=2.

Thus, the angle of the saxisua range of the air curtain:
Zopt == arctg (1,41) = 547 40" (128)
1f we substitute this value of angle a intc expression (137), then

will be obtained the formula ¢f the maximum Tange of the curtain:

H,.. 0058 ( u, ) (139)
,—->b = - - ..

i) a . '7-‘0

’

At assigned wind velocity it is pessible tc attain an increase in the
ranga of curtain either due tc an increase jn the width of jet (bo),
or due to an increase in the discharge valocity (ug). Let us note

that from an energy point of vievw it is profitable tc combine the
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large width of curtain with tlte low sreed ¢f discharge. About this
testifies equation (139), in wiich velocity (up) is contained

squared, and width (by) - tc the first degree.

In conclusion it is necessary to indicate the fact that for the
first time the problem abcut the air curtain was solved by eng. V. V.

Baturin 1,

POOTNOTE ), See V. V. Baturin ard I. A. Shapelev. Air of curtains,

the journal "heating and the vemtilation™ c¢f No 5, 1936. ENDFOOT NOTE.

Rith the solution of this preblem V. V. Baturin used the
formulas of average/mean ty tte area jet velocity. It was
subsequently established/installed, which more substantiated to use
average/mean according to the flcw rate velocity, thanks to which was
required to rework the calculzticn ¢of air curtain. By this is
explained the fact that the resclts of our soluticn differ froam the

results of deciding V. V., Baterin.
2. Resistanrce of the labyrinth seal of blower.
.Ihe internal pressure cf air blcwer usually differs from

atuospheric,. Due to this cccurs constant air leakage through the

clearance betveen vheel and jacket cf blcwer. For the reduction cf
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tempt to shage in

+he sizes/dimensions of leakaga to clearance they at

the fora of the labyrinth which creates resistance to motion of air

and it impedes the formaticnseducation of larger flow rate through
¢+ha clearance. The diagram cf the call of labyrinth is depicted irv

rig. 42,

Coumplete labyrinth saeal ccesists of the series/rov of the

consecutive cells.
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Fig. 4.2. The aerodynamic ccnfiguration of flow in the cell of

labyrinth.

Page 74.

It is logical that resistarce cf labyrinth is equal to the sum
of resistances of separate cells. Therefore fcr the analysis of
resistance of labyrinth it suffices to examine resistance of one
cell. The physical essence c¢f fl¢w in the cell of labyrinth is
reduced to the follcwing: frce slct 1 ascape/ensue into the
chamber/camera 2 airstreans with a a velocity of of u,. Being spread
in +*he chamber/camera, jet is expranded and mixes to itself the
particle of the surrounding stacnant air. At tha end of the
chambar/camera from tha jet is isclated the nucleus of constant mass,
which gathering, flows intc slct 3. The connected masses of air scale

from the nucleus and, underccinc backvard motion along the chamber




BOC = 81037605 EAGE /éé/

walls, again they are mixed tc tha active jet. Conceal by form, free
flow (Preistrahl) in the cell c¢f labyrinth is characteristic fact
that the nucleus of constant mass passaes through the cell while the
aoparent additional mass it fcras around the jet locked cicculation
of air particles. Resistance cf cell consists of energy losses of the

nucleus of constant mass. The latter ara ccmpesed of two farts:

1) difference in the suprlies cf anergy of the nucleus of

constant mass in the begirning ard at the end of the cell;

2) energy losses of the sudden comrression of the nucleus of

constant mass with its inflcw irto slot 3. ’

Lat us examine each of tle composite/compound component parts of

resistance of labyrinth separately. Pcr this the circular form of

labyrinth let us replace with flat/plane t. 1

POOTNOTE 2. The width cf latyrinth ring is always so small in

ccamparison with its diamater thkat without any dcubts the annular slot

|
can be replaced with flat/plara. ENDFCOTNO1E. ’
4

In this case ve will deal ccncerning the studied above flat/plane
free jat. Relative energy lcsses in the‘initial section of the
nucleus of the constant mass ¢f slot jet are equal (see formula 106);

se, = 1—e =0275.%5. 140)

S —
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In this case: S - length c¢f the cell (chamkber/camera) of
labyrinth; by - the half-width of slots 1 and 3; Jd¢, - energy loss

in the portions of the kinetic eneargy of jet in slot 1.

In the region of Lasic section the decrsase cf energy of the

nucleus of constant mass coeprises (see formula 105):

e, =l—e, 1——- 2P . (14D

Coefficient Au=?ﬁ(a0 is determined frcm tatle S c{x33. where;

20 = fy ().

In this case, accordingly fcraula (101):
PR

a5—~0A1

| e
If the length of labyrinth cell dces not exceed the length of the

ﬁ . ini¢tial section of jet (aS/boL1.03), then should be used formula
(140) . Otherwise (aS/bg>1.03) it is necessary to resort to formula
i (1417, the order of the use ¢t which is in detail presented in § 9 of

this work.

Page 75,

The second part of resistance of labyrinth (input resistance
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into slot 3) can be determined according tc the known from the

hydraulics empirical fcrmula cf sudden jet contraction:

Ae.=0.5-(l— thep ) (142) .
u,

In this formula: ), - resistance of the sudden contraction of flecw,
expressed in the porticns of the kinetic energy in the narrow part
(in slot 3); 4, - the average sreed of flcw before contraction; ug -
the average speed of flow after contraction. Value tf is determined
in the theory of jet. Let us recall that the discussion deals with
relative value of average acccrding to the flow rate of the velocity

in the nucleus of constant mass, which in tha initial section is

detarmined by formula (108):

%o _1_016-25 . (143)
0 bﬂ

and in the basic section - by fcrmula (107):

Uen _ Uep Ry 1,2 A,
u, u, 4, - aS A
m )} l/ ‘_’53_ - 0,41 t
Here: ) A= 0888 .
a o ,
| b, TOH
4" =f2! (?u)v
Ta =f'.' (‘41)

Therefore in the basic secticr:
T 1,444, (144)

L]

The complete coafficient of resistance of the cell of labyrinth,

vhich expresses energy losses ir the porticns of the kinetic energy
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in slot 1, is equal to the sum cf cocefficients ., and le,:

E=.\e,,-‘—Ae,. (143)
In the limits of tha initial section where aS/b,§1.03, drag
coafficient comprises [ see forsulas (140), (142), (183)]:

hll
In the basic section vhen asS/ty21.03, drag coefficient is equal to:

T e, + 3¢, =025 %> 4 00128. [-“ir- (146)
9

=1——2 A 05— 144 (147)
asS i

V' by —0,41

It

Page 76.

If the length cf the cell of latyrinth is equal tc the length of
initial section (aS/by=1.03) ¢f slot jet, then in the equal measure

are suitable both of formulas.

In this case:
¥=%=0,3.
:[n order to simplify tte use cf formula (147), let us recall the

ratinonal order of the calculaticns:

1 f}on condition 4i=-—-==—- - £ind value A1,
l -~ --0,41
b. ;

PCOTNOTE !, Values A selact ir accordance with the data of § 6 (just

as during the calculaticn cf s=lct jet) . ENCFOCTNOTE.
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2) on Fable 5 or Pig. 34 they determine %= f(4,), and also

A= fi(z,) and A, (3,).

3) Substituting values A, and A3 into formula (144), they

calculate the drag coefficient cf labyrinth.

Pig. 43 depicts the dererdence of resistance of the cell cf

labyrinth on its relative lencth:

(lS
b,

VYery closely to the curve Fig. 43 are arranged/located the

G T

experimental points, oktained ty K. V. Chekysheva in the ventilator

laboratory of TsAGI 2,

FOOTNOTE 2, K. V. Chebysheva, Irvestigation of the model of labyrinth

seal. It is printed in tech. nctes ¢f TsAGI. ENDFCOTNOTE.

It is interesting to focus attertion on the fact that during
vorking/treatment of experisments, we accepted a=0.11, i.e.,
introduced no correcticns fcr jet deflacticn in the labyrinth frea
*he jet in the unlimited space. As is evident, in the experiences of

TsSAGI the cell of labyrinth was rcomy 3.

PCOTNOTE 3, In the experiences ¢f TsAGI the half-width of cell was

qaqual to 10 half-widths of =l¢t 1, and the length of cell was varied




poc = 81037605 PAGE /éé

in ¢the limits =(0-23)bo. ENDFCCINOCTE.

Let us note that with a small talf-width (1) of the cell when it is
less than the half-width cf free jet, formula (146)~-(147) resistances »1

cf labyrinth seal are unsuitakle. In this case the jet will £fill all

the section of cell, and enercy lcsses will consist of losses by

e s e il

shock during the sudden expansicn of jet and during its subsegquent

contraction:

1 m-~“F]:- (148)

Il:’ 3

Here u, - velocity in the cell with the continuous filling of its

S0 = 115'

saction with airflow.

Thus, hefore calculating latyrinth, should be determined

relative value of the half-widtt cf the free jet

bp o, aS .
b, =2y, T
and then, if it seeas that
beo 1
b, by
to resort tc feoraula (148).
Page 77.
But if it is obtained:
i Y
\ h, ~ b. !

then should be utilized fcrsulas (146) and (147).

—— e e et
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3. External resistance of the ccrridor bank of tubes.

Alr flow in the corrider team of ducts (Pig. 44) has wmuch in

coanon vith the dismantlaed/selectad above flow at the labyrinth,

FProm slots 1 in firs* rur cf pipes escapa/ensue the air
filaments and, being exganded, they are sgread in the between-row
spaca, Hera to the basic nucleus of stream are amixed apparent

additional masses from the shadcw regions t.

FOOTNOTE !, Shadow we call the regicns, situated after the tubes cf

bundle. ENDFOOTNOTE.

Flow ing to the slots of seccrd run cf pipes, str2ams are split. In
this case basic nucleus is rassed in the second series/rowvw of tutes,
and apparent additional mass forms the locked air circulation in tke
shadov regions. The schematic ¢f flecvw in the second and subsequent
betwsen-row spaces almost in rc way diffars from the diagram of the
€irs+t between-rcw space. Deviaticn consists only in the fact that the
turbulence of flow after each sutsequent series/rcv is somewhat rnore
than after preceding/previous. Ie explained this by the intense

agitation of free streans in tlte between-rcw spaces. The ducts of
corridor bundle are usually rectilinear; therefcre the described free

jets can be considered flat/rlare.
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Pig. 43. Dependence of the drag coefficient of the cell of labyrinth

on ite relative length.

Pig. 44. Plov diagraa in ccrridcr bamk of tubes.

Page 78.

The resistance of the between-rcv space of corridor bundle must be
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defined just as the resistance ¢f the call of labyrinth, with the

only the difference, that becauvse of the cylindrical form of tubes,
the compression of the nucleus cf ccnstant mass at the end of the
between~-row regicn (before the subsequent series/rov of tubes) will

be smooth and resistance frca jet ccntraction virtually will fall.

Thus, the drag coefficiemt of between-row space is equal to
relative enorgy loss in the nucleus cof the constant mass of slct jet
at the length of the between-rcw space:

§=1—e,. (149)

When the length of betweer-rcw space does not exceed the length

of the initial section of the jet [see formula (106) ] ve will have:

$'=0,275-

b, (150)

Here S - longitudinal distance tetween the neighbcring series/rous;
bo - half-width of the transverse between-rcw space is longer than

the initial section, then [see fcrmula (105) J:

* Jy73.A3

| } "bs +0.41
n

(151) -

=1

Moreover value A; is determined as fcllows:

0.833

asS
TO-Q-O.“

1) through formula A= l/f ve find A,.

2) on Table 5 or Fige. 33, ve find : =f.(A), and then Az= f (o)
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§2 o9mphasize that the values of the coefficient of jet structure
a in different between-rowvw sgpaces are dissimilar. In the first space

a, it corresponds to usual slct jet (a;=ap=0.11).

In the second space a>a,, since here flow is additionally

created turbulence due to the free flow in the first space.

In the subsequent spaces:

aﬂ > a., A
a, > a,,

a,>a, and et

However, already beginning frcm the third space, flow is sc created
turbulence that its subsequent agitaticn hardly will be able to
increase substantially value c¢f a. In cther words, it is rossible to
expect that:

a,==a,=—a,=... and e+.
One should also indicate the fact that values a,, a3z, a4 +.. depend
not only on the agitaticn of flcw in the preceding/previous
betveen-row spaces, but alsc cn its deturbulizaticn during the

compression of jet in the clearances cf each run c¢f pipes 1.

POOTNOTE !, See G. N. Atramcvict. The "principles of the aerodynamic

design of collector/receptacle”. Tramnsacticns of TsAGI iss. 231.
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Moscow 1935. ENDFOOTNOTE.

Quantitative estimate of the xagnitude a,, a3, a, ... extremaly
hinders by the absence at cur disgosal of the corresponding

axperimental material.
Page 79,

Lot us attempt tc nevertheless give the tentative analysis of the
resistance of the corridcr tark cf tubes based on one particular

example in which:s

1) the longitudinal gitct (Letween the series/rows) of the
bundle:
S=4.p,

wvhare bg - half-width ¢f transverse clearance;

2) transverse pitch (betueen the ducts of one series/row):
I= 4.00;‘

3) the coefficient of the structure of slot jat - a3=0,11,

The analysis of experirerts of Syrkin shows that in the jet
after the lattice of ducts coefficient a, approxinmately/exsemplarily,

is 1,5 times more than usual. Tterefcre for calculating all
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be*w2en-rovw spaces of tundle we accept:

a=15-a,0,17.
Thus, the relative loangitudinal pitch:

%-S— = 0,68 < 1,05.

[\

Drag coefficient of one bhetueen-~rcw space:

%’ =0,275-0,68 =0,187.
In all in by five-dowvlas bundle are four between-rov spaces. Their
total resistance:

4.5 =0,75.
Purthermore, on leaving froam the latter/last series/row flov is

expanded and £ills all the secticn ¢f channel. Therefore in the

latter/last series/row cf bundle are cbserved the energy losses to

tha shock:

Thus, the coefficient of total drag of the beanm:
L2 =4.5"4025=1,.
According t¢ experiments cf Eeiher ! for the corridor bundle of the

selectad configqurations it is cttained:

23

<

=10--1.1

2l

FOOTNOTE . H Reiher. Warmeibergang von strémender Luft an Rohre und
Rdhrenbindel im kreuzstrow. PFcrechungsarkteiten auf dem Gebiete des

Ingenisurvesens herausgegeben ven V, D. I, Heft 265, ENDFOOTROTE.

-
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As ve see, our rough estimate can be connsidered successful. Let us
note in conclusion that withott having available a sufficient
experimental material, we cculd not the aerodynamic analysis of the
bank of tubes bring to the end/lead, and therefore presented should
be examined only as the attempt to develop the physically

substantiated calculaticn mettcé.

4, Warm and cold airstreanms.

Prequently with the ventilation and the hot-air heating of
construction constructions they resort to the forcing into the
locations of cold or warm airstreams. The trajectories of the air
jets, which escape intc the air medium of another density, cannot be

rectilinear,

Page 80,

Cold jet due to surplus density attempts %c be drcpped/omitted dcwn.
On the contrary, warm jet is displaced by surrounding air upwvard.
Thus, the laws of the rectilirear prcpagation of the free flow are
nct completely applicable tc thke varm and cold airstreams, since in
this case appear the bendinc tlc¢w gravitational forces. It is
necessary to note that the grcbleam abcut the curvilinear jet was as

early as 1934 set by V. V. Gaturin ? which it sclved it on the basis
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L cf tha empirical data atout the rectilinsar jet.

|
|

] POOTNOTE t, See V., V., Baturin and I. A. Shepelev. Approxinmata :

determinaticn of the trajectcry c¢f air flow. "heating and the

vantilation™ of No 9, 1934, F¥CFCOTNOTE.

In this axaaple, wvith the aid cf the theory of jet, we will derive
~he approximate equaticn cf the aercdynamic axis of circular jet,

vhich is bent by gravitaticnal fcrces 2.
POOTNOTE 2, Just as in the case ¢f air curtain, we replace the
problem about the jet of the approximatead Ly the problem abcut the

aerodynamic axis jet. ERDFOCTNCIE.

For this let us assume that:

1 E;tire flov mass is amcved with the average/mean acccrding to

the flow rate velocity.

2) Initial jet directicnm is hcrizontal. In this case the
horizontal coamponent of the velccity will be equal to average/mean
according to the flow rate cf the velccity of rectilinear jet (u,).
However, vertical compcnent cf velccity (v,) will be deternmined Lty a

difference in the specific gravity/weights in the jet and in the

L-;.l—-—'“” .
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environmant,

3) By the centrifugal fcrces which are caused by the

curvilinearity of jet, it is éisregarded,

Problea we will solve in thke Tectilinear ccordinate systaem., Y
axis it is directed vertically upward. X axis - it is horizontal,

with the flcw,

Tﬁe origin ¢f coordipates consisteant with the center cf initial

jet cross~secticnal area (Fig. U5).

Let us select the artitrary element/cell of jet dx with abscissa
Xx. On this element/cell will act the lift, egqual to the product cf
its volume to a difference in tte specific gravity/vweights:
) P= (o= 7up1- Foilx,
Hate -,, - specific gravity/weight of surrcunding air; . =~ average

spvecific gravity/weight cf the element/call of jet; F - sectional

area of jet; dx - thickness of the element/cell of jet.

Porce P will cause the vertical acceleraticn:

e P
dt — M
vhers 3= "7 .F.d¢ - mass of the selected eclement/cell of jet.
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Thus, the vertical acceleration cf jet is equal to:

__?IUC_P__ . _73:.1__ ‘
Tt “g(np l)'
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Pig. 45. Bending of jet by grsvitaticnal fcrces.
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Prassures in the jet and cut cf the jet are identical; therefors

specific gravity/weights are inversely proporticnal to the absolute

temreratures:
."lla p— Zﬂ'_
.,’q, r.nu ’
vhence
"‘Ucp . _\Tcp
7Rt A M (152)

In this expression: g - acceleration of gravity; A/ =7, — T ~
excess temperature of jet in section x; ¥,, - absclute temperature of
surrounding air.

uorizontal jet velocity:

therafors
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Introducing into this expressicn the initial velocity of jet (uy) and

initial excess temperature (A7, =—=T7,—T,,), ve obtain:

-A_Tcp- A7‘0 i, l[x
AT, Twa  ue uw,°

In § 7 it is shown that the fields cf the excess temperatures of free

Advp,=g-

jet are similar the velccity fields:

-\T.: . Uep
AT, 7wy
Thus, we have:
AT, dx
AUy =g 0
AR
* AT X
vcp—g"f;!_:‘ ‘u; -

In the beginning of jet when x=0:v,=0 i.e. c,=0, thanks to which

the formula of the average/mean vertical velocity appears as follows:

Yo & AT, .
a = g . 7o X. (153)

Attempting to simplify the fcllcwing linings/calculations, let us

introduce the relative coordinates:

=2
X= Ro ;
= %Y
Y= R
Then the vertical velocity:
Veo __ ! £:R, AT,
u, —a' T T, " (154)

Page 82.

Prom the point of view of average/mean according to the flow rate

b e e Y ————
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horizontal speed, the jet cne stould break in the initial and basic

sec*tions.

In the initial secticn [see formula (106a) ]z

. 1 .

= - e e ez, 155
i, 140,76.x +1,32-x3 (155)
In the basic section:

Hep 045 (156)
iy x+0,29
As is known, _
Y e (157)
dx Ucp .

Therefore, having available fcrmulas (154), (155) and (156), it is
possible %o compose the differential equation of the aerodynamic axis «f
of free jet, which is bent by cravitational forces. Let us comprise

and will solve this equaticn fcr the initial section of the jet: ]

d.‘f' —_— 1 g_’_Ro ATn - ~a.
dc a T ]Tm'”x' 1—0,76-x -1,32-x3; ‘

P l g'Ro ATO . - " . .
y=-=- & Ta [Jx-dx«l—- 10,76-x*.dx — 1 1,32-x*.dx *.'C:J- 1
After producing the necessary linings/calculations, we will obtain:
Y=k-x[05-025-x03.x2+¢,],

vher=

k= _]_ . -g_R_"_ . '_\.Z‘°
a 4 Taa ~

Hovever with x=0:

y=0, e c.=0.
Thus, the equation of the axis cf the initial section of curvilinear
circular jet takes the fcllcwirc forwm:

¥ =k-x-[0,540,25-x —0.3 - x*]. (158) ‘.
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At the end of the initial secticn whers Xg=aexy/Rg=0.67:
Yo==0,36-4.
Let us comprise and will sclve rc¢w eguaticen for the basic section of

the jet:
=222k -x-(x —029"

gl

y=k-x>[032+0,67-x+ c,].
Integration constant c3 can k¢ detersined from that condition that in
transient jet cross-secticnal area (Xo=0.67):

Yo=Yo=0,36-k,

vhence
¢y =0.

Page 83,

The equation of the axis ¢f ttke kasic section of the bent jet takas
the following form:

y=k-x*(0,32-074.x]. (159)
Lat us recall that in equaticn (159) just as in equation (158), is

accepted the designaticn:

p— L. ERy AT,
T a u: Twa ~

The aexazined by us case of curvilinear jet is deteramined by

(160)

interaction of gravitational fcrces and forces of inertia of tha

moving/driving jet. Prom the thecry of asrcdynamic similarity it is
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known that in this case air flcws must be characterized by the special

similarity criterion which is called the criterion of Proude:
u!
¢. — ’—g-_l .
Here g - acceleration of gravity:; 1 - linear dimension; u? - square

of velocity.

Scrutinizing into equality (160), ve and actually detect in it
as the factcr Proude's critericr:

2
4

Po=—2R (161)

in cther vords,

p=—t_ . 3T, .
- a'¢0 Taw (“,2)

In conclusion we recommend the following order of the

deteraination of the trajectcry c¢f the warm or cold circular jet:

1) knowing initial velccity (up), initial temperature (T,),
temperature of surrounding air (7,,) and cocefficient of jet structure
(2), ve compute Frcude's critericn:

u;
g R,

A‘Io —_ To—Tlli .
T.lll - T:ltl . )

b, =

and the parameters:

2) We find abscissa and crdinate of transient jet

cross-sectional area:
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R,

Xo =;€o'-a— =0,67 :

R, .
a_'v

_—- R‘l < k'Ro
%—%‘Q—Q%_7¢.
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3. We are assigned by different values of x and compute values
of x=aex/R,. Further, thrcugh eauations (158) and (159) we find the
appropriate values of y. In this case, if ;60.67, then is utilized

equation (158), but if x30.€7 - equation (159).

4, Pinally, from conditicr y=aey/R, we obtain urknovn values y
and ve construct curvilinear axis of jet:
y=f(x).
For the cold jet when AT3<0, we cbtain the negative values of
ordinates ~ jet will be bent dcwnward. At the same time for warm jet,

in which ATy >0, vwill be discovared the bending of jet upwards.

The use/applicaticn cf tiecry and aercdynamic design cf free jet
is by far not contained by the dismantled/selected above exaaples.
With the aid of the theory cf jet it is possikle to conduct the

calculations of the flames cf ccmbustion, the calculations of the
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effectiveness of the through ventilaticn of industrial shops and many
cthers, Without having the capatility in the limits of this work it
¥ill stop at all these probless, it will hope for the fact that they

will serve as the themes cf further investigationms.
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Supplement.

Calculation of the expanding turktulent flow 1,

FOOTNOTE 1, W, Tollmien "“Berecknwrg turbulenter Ausbreitungsvorgange"

ZAMM Bd 6. Meft. 6. 192€. ENDFCCINCTE.

9. Tollasien.,

II. Expansion of jet as two-dimensicpal prcblem 2,

FCOTNOTE 2, Is given belcw the¢ translation/conversion of the 2nd and
3rd chapters of the article ¢f Tcllsien, used by the authcr of this
work. The translation/conversicn of tha 1st chapter is given in
appendix I to the investigaticr: G. N. AbDramovich, Aerodynamics cf
flow in open wind-tunnel test secticn. H. 1, the transactions of

TsAGI, iss. 223, 193S5. ENLFCCINCTE,

Frcem the wall through the rarrcew slot which during calculations

can be replaced with line, ensues/escapes/flows cut the airstream and

is mixed with the surrounding stagnant air.

e
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If ve consider that in tie¢ jet rules the pressure, equal to
external, then utilizing a thecres cf momentum, it is possible to
produce separation of variables. As the variables/alternating let us

again use x and 4,

As a result of the prassure constancy impulse/momentus/pulse in

the direction of x axis must remain constant/invariable:

- x
1 u?-dy=const.
-z

Assuming/setting

u=1z (x)-f (n).

wa will ob+ain

=* (X)X \,"fﬁ (). dr,=const,

-

Consaquently
S -_—»1 :
: () I x
u= A (132)
} %
"(-r‘ "‘1_f(’;\-l]1‘= "":.‘f(q)_[ln:‘ .;.F(f‘) (13[))
b
=— L Fm+ ! P \
v__ﬁ-l’;' (n)v—l F () (13¢)

Now, as in § 1, it is pcssible tc compose the differential
equation which in this case alsc is integrated. The same intermediate

integral it is possible tc cttain directly from the theorenm of

momentum, If we conduct cecntrc¢l surface in the manner that this is
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depe in Pig. 8, then through its lower boundary will be transferred i
ispulse/momentum/pulse peuev; from ofposite side will occur a change

in the impulse/momentus/pulse:
Page 86.

As the external force will act turbulent shearing straess
ou - Ju

, dy "y’

Thus, appears the following relaticnship/ratio:

v

g .’,-ci.x'.

v+ ox Jatdy =—. ;
P - Il

fencea we obtain equatica for F(y:
2:.¢*[F')*=F.F". (14)
(It usefully fcr positive values 5 the distribution of the
velocities in the region cf regative omes 5 1is chtained as the
mirror image).
Introducing the appropriate scale for = simplify the

differential equation:

[F'P=F.F. (14a)
The order of this differaential egquation can be lowered, if to
introduce new dependant variakle z=1n P, ctherwise F=e3., Then ve

obtain [ik(z')zl 2=2' and, after assuming z'=2, let us arrive at the

differential first-order eguaticr:

e 2PN

Z2=—Z1—)Z.
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The solution of the initial equation is fulfilled after this only by

means of the quadratures and taking the logarithnm.

The following conditicns sust te carried out: when ,—0o (axis of
jet), v=0, i.e., F=e¢'—0. Since u~P'=z'e ¢ when 5= does not
become zero, then z* vhen r—(Q 1is equal to infinity of the same order
as as ;_ With the changed scale fcr n=( we obtain also:

F=0 _ (15a)

and ,
F'=1. (15b)

Thus, are established/installed two ccnditions for z which are
sufficient for the differential seccnd order equation. Frcam the

boundary condition u=0, i.e.

d=Z=0 (16)

for boundary , is determinec value o

Prom equation (14) it is cttained after the integration:

—_— ! - Z—1 .
n=c— g -{ln(lf Z+1)—In{(Z—1 Z+l)"]+V3-arctg2—1—§3——=- (1
from condition z*=Z%2== for n=0 ve find integration constant c:
2 . 0=
q—c—3~l3ué,
whence
)3

Condi+ion (16) Z2=0 wken 1%, it gives:

fp="C— <, -« " T alT
513 udg( V3) 2,412,

e canim bttt v e

i . .
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In order to completely satisfy ccndition (15), it is necessary to
investigate the behavicr ¢f differantial eguation (14) when

= ¢, Z=0,;

Sirce equation (17) in tkis regicn is not applicable, then let
us form an equation in the new fcrm, smitable for =0 Z=~ It is

ocbvious that with Z=d>e:

Z o
"
i.e.
L=z '1 .
A
Consequently with , -9
z —lnn—+g¢

and ] ) ,
F=ze=c".

Prom condition (15b) we find in this case latter/last integration
constant c,=0. On the tasis cf tke given mcdification, we obtain as

the asymptotic approximaticn/apgroach when 7 =0:

= : —04:1 700170 — ...
and !

08 . 01
z=1n7)—-§—-r, :+_()_:_3()_..,13_-_

-

pIPr DU vy VENESERIreag 2} P, ad
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Tha quality of asymptotic apprciaimation/apgroach {18) it is sasy tc

judge by means of its ccmpariscr with precise equation (17) in that
region, in which both of foras cf equation are suitable. The way of
calculation following: they calculate according to formula (17) n(2)
and at the same time Z(y)=2z'(y) and they oktain hence, for exaasple,
by graphic integration, z(y). PEcrecver in the regiom near 5—0, 2'=is

atilized above obtained asymptotic approximation/approach.

Hence by taking the logaritha and multiplication we find F=¢

and F'=7.¢.
IIT. Expansiocn of jet as the prcbleam of axial syametry.

The corresponding problem with the axial symmetry in which also
the jet escapes/ensues frcms the very eyelet within the wall, it is
permitted by accurately the sase method as two-dimensional problem.
Assuming that the pressure in the jet is ccnstant, then:

2. =-_lfud:-y-dy = const,

vhence we obtain expressicn fcr u:

After assuaing "= 1.ﬂnL
A W
Vm)enedn, = Fan,
let us £find .
FI
n =
X'
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and %
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Exactly as in two-disensicnal prcblea, on the basis of the
theorem of momentum or integreting equation of motion, ve cktain the
differential equation:

c'-'-(F"——Fi)": F-F'. (19)

Introducing the changed scale fcr = we simplify this

differential equation:

(F” - )': F-F. (19a)
n .
By means of the replacesment
z=1aF, F=¢",
concluded ( 2 — AL z,

and €finally, introducing Z==, ve obtain differential first-order

equation:

Z’=%—Z-‘—l”2. ' (20)
In this case we have available the following conditions with -y u

rooze
Y 4

does not disappear, when v=03; i.a,F0)=¢’ "‘=0.wh's\c,-’;—'= reaains

i

finite quantity, also, with tte changed scale to equal 1.

Satisfying these conditicns, it is possible z(y) near n=0 to

presant in the fcrm of series/rcw. In order whem 71=0:¢'=0, - aust be




o
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equal to negative ~ and besides to the same degree as Iny; 4in this

casa [ acquires finite value. Because of this we obtain the
7

following series/row in which adjacent terass differ on 5.

2 i ° . ( -y - -
Z=, TelabniroqirdyenT... (21)

Coafficients are established/installed by seans of the substitution
of this solution in the differential equation and the comparison of

teras with the equal degrees:

The convergence of this series/row near the jet boundary +,(z=0)
very bad; hovever, it is rossitle to give such modificaticn which is

conveniently applied in regicn +,.

ket
f;:'{.p—'fi
and
LA A R S
then
1, -3
u-——4—,b_ 8wy’ T bdy
(l——l-—_._g__._.e"—_ 19 - 133 .
T68 T 18y’ 265y 236-40-7,,
7 000278 , . . .
- n;’ﬂ ¥ .')\J
Page 89.
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Integration constant 5, can be datersined via comparison at the

fixed point of values z which are kncwn of both of solutions.

There is obtained
Np==3,4.

FRNS” SErI R P
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